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Chirality is an intrinsic property of many building blocks of life found in 
nature. Since enantiomers have identical physical and chemical properties except for 
the rotation of the plane of polarized light, chiral separation has been considered as 
one of the most challenging tasks in chemistry from both an analytical and a 
preparative viewpoint. Despite still in an early stage of development, chiral sensors 
represent a most promising alternative to the traditional enantio-separation assays for 
high-throughput screening. 
In this work, new quartz crystal microbalance (QCM) chiral sensors 
incorporated with perfunctionalized -cyclodextrins (-CDs) were developed and 
their performance was evaluated in the gas and liquid phase, respectively. The 
mechanisms of chiral discrimination in the gas and liquid phase were also 
investigated. 
Seven pairs of mercaptyl-perfunctionalized -CDs were successfully 
synthesized coded as Ph--CDX [X = S (short thio-linker) & L (long thio-linker)], 
MP--CDX, CP--CDX, BP--CDX, IP--CDX, MtP--CDX, MdP--CDX. The 
new perfunctionalized -CDs were immobilized onto gold surface of QCM crystals 
employing self-assembled technique. The monolayer structures were characterized by 
surface-sensitive techniques including XPS, in-situ QCM measurement, spectroscopic 
ellipsometry, and atomic force microscopy.  
 viii
Good reproducibility of self-assembled monolayer (SAM) fabrication were 
achieved by our self-assembly techniques. All L-type SAMs were thicker and pos-
sessed higher surface concentration than their S-type counterparts. This suggests that 
the S-type SAMs were formed in a monolayer structure while the L-type counterparts 
were arranged in a quasi-two-layer arrangement. The surface concentration of the 
mercaptyl functionalized -cyclodextrin followed the order 
Me>Pe>By>Ph>CP>BP>IP>MP>MtP>MdP, which reflected the bulkiness of the 
group and the effect of steric hindrance.  
Enhanced chiral discrimination in the gas phase was achieved on most of the 
QCM sensors in comparison with the reported separation results obtained in GC 
separation. Among the candidates, MP--CD arrays performed the best. The results 
were discussed on the basis of gas phase host-guest interactions.  
Generally, L-type sensors were found to exhibit better chiral discrimination 
ability than their S-type counterparts. Effective cooperative weak interactions, which 
depend on the molecular structures of the -CDs and analytes (lock and key principle 
and extensive three-point rule), are mainly responsible for improved chiral 
discrimination. The ability to determine compositions of the enantiomers in a mixture 
was also demonstrated by the limonene/MP--CDS system.  
The fourteen QCM sensors also showed chiral discrimination towards four pairs 
of enantiomeric analytes in the liquid phase under a new dynamic environment. This 
dynamic mode, which is similar to the operation environment found in HPLC, not only 
achieved the same level of chiral discrimination as found in the static mode designed 
 ix
previously by our group, but also offered the advantage of simpler experimental 
procedure and shorter analysis time.  
Unlike in the gas phase, S-type sensors displayed better chiral discriminating 
ability than their L-type counterparts in the liquid phase. Among the candidates, 
MP--CD arrays performed the best. Generally, the chiral discrimination depends on 
the shape and size of the host and guest molecules and the ability to form hydrogen 
bonds, - stacking and hydrophobic interactions. The recognition process is 
probably subject to interplay of various factors mentioned above and a favorable 
conformational rearrangement leading to the most thermodynamically stable complex. 
Stability of the monolayers on QCM in liquid media is still a challenge.  
This study offers a robust strategy to engineer a series of new chiral sensors 
applicable for real-time recognition and analysis of alcohols and lactates in the gas 
phase, and amino acids, alcohols and organic acids in the aqueous media. 
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1.1  Introduction 
1.1.1  Stereoisomers and chirality 
Stereoisomers are those molecules which possess the same constitutions and 
structural formulas but only differ from each other in the way the atoms or groups are 
oriented in space[1]. As shown in Figure 1.1, if two molecules are non-superimposable 
mirror images of each other, they are called a pair of enantiomers, otherwise named 
diastereomers. The property of non-superimposability is termed chirality and the 
structural feature that gives rise to this asymmetry is called chiral center.  
 
Figure 1.1 Stereochemical structures of the pair of enantiomers for alanine. (C* dnotes 
the chiral carbon) 
 
Generally, molecular chirality is mainly brought about by the stereogenic 
centers of sp3 hybridized carbon atoms that bear four different substituents (Figure 
1.1). Apart from carbon, boron, nitrogen, phosphorus and sulphur also can produce 
stable chiral centers. The formation of chiral axes and planes also can produce 
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chirality. Overall, to be in enantiomeric forms, it is not required for a molecule to have 
a chiral center but essential to be nonsuperimposable with its mirror image.   
1.1.2  Why are chiral discrimination and separation important? 
Chirality is a very common phenomenon and represents an intrinsic property of 
the ‘building blocks of life’ in nature. For instance, the amino acids in living systems 
are all in L-configuration rather than D format while natural sugars are presented in D- 
configuration. Hence, living systems, such as human body, are chiral environments 
and many receptors in these biochemical systems act as enantiomeric discriminators. 
Consequently, though exhibiting identical physicochemical properties in all isotropic 
(achiral) conditions, two enantiomers of a chirally active drug may have dramatically 
different pharmacologic effects in terms of activity, potency, toxicity in living systems. 
 
Figure 1.2 Molecular structures of the enantiomeric pair of thalidomide 
In the 1950s and 1960s, there was a commercial drug, named Thalidomide 
(Figure 1.2). This drug was used to be an antiemetic to combat morning sickness of 
pregnant women and an aid to help them sleep. Unfortunately, from 1956 to 1962, 
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approximately 10,000 babies were born with severe malformities, particularly 
phocomelia, because their mothers had taken thalidomide during pregnancy. 
Phocomelia is a symptom of abnormally short limbs with toes sprouting from the hips 
and flipper-like arms. (Figure 1.3)  Only after a few years, it was discovered that its 
therapeutic activity resided exclusively in the R-(+)-thalidomide whereas 
S-(-)-thalidomide was teratogenic and caused birth defects.[2]  
 




Figure 1.3 Two typical examples of phocomelia reprinted from Wikipedia  
 
 The number of such examples is considerable[1, 3]. U.S. food and Drug 
Administration (FDA) and the relevant organizations of other countries issued a 
guideline/policy that for chiral drugs only its therapeutically active isomer should be 
brought to market, and that each enantiomer of the drug should be studied separately 
for its pharmacological and metabolic pathways.[4] “Despite the clear involvement of 
the pharmaceutical industry in the improvement of asymmetric synthetic 
a. Attending school in the 1960’s, this German boy reached the 
blackboard with a stub arm and gripped the chalk with distorted 
fingers. Many children that were exposed to thalidomide in utero 
were born will mal-formed limbs but normal intelligence. They 
often learned to adapt to their handicaps. 
b. A 1962 photo of baby born with an 
extra appendage connected to the foot 
caused by the pregnant mother taking the 
drug, Thalidomide. 
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methodologies, the straightforward production of optically pure compounds is still 
laborious and limited.”[5] Therefore, developing approaches for chiral drugs 
discrimination and separation to ensure enantiomeric purity is strongly favored.  
In the following sections of this chapter, approaches for chiral discrimination 
and separation, working mechanism of quartz crystal microbalance, preparation of 
perfunctionalized -cyclodextrins and self-assembly technique are reviewed. Finally, 
the scope and objectives of this research are presented. 
 
1.2  Approaches for chiral separation 
1.2.1  Techniques for chiral separation 
Since enantiomers have identical physical and chemical properties except for 
the rotation of the plane of polarized light, chiral separation, i.e. enantioselective 
analysis, has been considered as one of the most challenging tasks in chemistry from 
both an analytical and a preparative viewpoint. The chiral separation methods can be 
divided in two classes: non-chromatography and chromatography.  
For non-chromatography methods, Louis Pasteur reported the first example of 
optical resolution in 1848. After that, a considerable number of optical compounds 
were resolved mainly by fractional crystallization of the diastereomeric salts. The 
non-chromatography methods summarized in Table 1.1 have been utilized for 
separations of chiral compounds.[3, 6-8] 
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Table 1.1 Common non-chromatography methods for chiral separation 
Category Technique 




Asymmetric transformation of racemates 
Chemical separation of racemates via 
diastereomers 
Formation and separation of 
diastereomer-resolving agents 
Separation via complexes and inclusion 
compounds 
Asymmetric transformation of 
diastereomers 
Enantiomeric enrichment - 
Kinetic resolution - 
Enzymatic resolution - 
Partition in heterogenous solvent mixtures Liquid–liquid extraction 
Enantioselective membranes  Membrane separation[9] 
Nuclear magnetic resonance  1H NMR, 2D NMR, ROESY [10-12] 
Mass spectroscopy CI, ESI, FAB, MALDI[13] 
Note: Techniques in italic are for chiral discrimination only. 
For chromatography methods, the earliest report of chiral separation by gas 
chromatography was carried out by Gil-AV and his coworkers in 1966. Gas 
chromatography with optically active stationary phase consisting of 
N-trifluoroacetyl-L-phenylalanine cyclohexyl ester was successfully applied to 
separate the trifluoroacetyl derivatives of some amino acids.[14] From then on, chiral 
stationary phase (CSP) enhanced the development of chiral chromatography which was 
defined as a technology for separating optically active compounds by chromatographic 
methods. To date, chiral chromatography is the most widely used technique for chiral 
separation, and provides great advantages over classical techniques, particularly for the 
more complex enantiomers.  
The most common chromatography methods for chiral separation are as follow: 
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thin layer chromatography (TLC), gas chromatography (GC), high pressure liquid 
chromatography (HPLC), capillary electrophoresis (CE), super fluid chromatography 
(SFC) and membrane separation. For chromatographic methods, generally two ways 
are applied to separate enantiomers. In the indirect approach, enantiomers are converted 
to covalent diastereomeric compounds by reacting with a chiral reagent.[1] 
Subsequently, separation of these diastereomers is achieved on a conventional achiral 
stationary phase. In the direct approach, the followings are possible:  
i)   The enantiomers are subjected to a column containing a chiral stationary phase;  
ii)   The solutes are passed through an achiral column using a chiral solvent (chiral 
mobile phases) or; 
iii)   The solutes are passed through a mobile phase including a chiral additive.  
Currently, the most popular chromatography methods are listed in Table 1.2.[8, 
15] It can be observed that modified cyclodextrins are among the best and most widely 
used chiral selectors/CSPs of chiral separation. Therefore, in this project, new 








Table 1.2 Common chromatography methods for chiral separation 
Technique Chiral selector/CSP Refs. 
HPLC 
Polysaccharide CSPs [16-27] 
Macrocyclic Antibiotic CSPs  
Cyclodextrin CSPs and mobile-phase 
additives  
Protein-Based CSPs  
MIP-type CSPs  
GC Modified cyclodextrin  
[28-31] 
Ionic liquid CSPs  
SFC 
Polysaccharide CSPs [32, 33] 
Modified cyclodextrins  
Derivatized amylose  
CE, CZE, MCE, 
MEEKC, 
Modified cyclodextrins [34-39] 
Antibiotics  
Chiral alcohols  
Microchip CE Protein CSPs 
[40-43] 
Modified Cyclodextrins  
CEC 
Cyclodextrin CSPs [43-46] 
Vancomycin CSPs  
MIP monolith  
SCX-type CSPs  
TLC Chiral mobile-phase additive 
[47-49] 
Vancomycin and brucine  
 
Although chiral separation by the current methods, like HPLC, GC, CE, CZE, 
has reached high standards, it is very laborious and generally expensive and there are a 
lot of problems concerning the selective retention of one of the enantiomers on the 
column. It is not enough to obtain a high selective chiral selector and the working 
conditions must be improved for every enantiomeric pair. [50] In addition, conventional 
chromatographic techniques for determination of enantiomer purity are instrumentally 
demanding and designed for serial rather than parallel sample processing. 
Consequently, they are ill-suited to cope with the vast number of compounds produced 
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in drug design and materials research through combinatory synthetic strategy within a 
short period of time.[27] Therefore, it is demanded that new techniques of 
enantioselective analysis, which possess the attributes of the higher flexibility, 
reproducibility (reliability), rapidity, simplicity and cost effectiveness, should be 
derived or extended from currently available enantioseparation tools. Chiral sensors 
meet all the above requirements. 
1.2.2  Chiral sensors 
Despite still in an early stage of development, chiral sensors represent a most 
promising alternative to the traditional enantioseparation assays for high-throughput 
screening. In generally, chiral sensor, which is designed for discriminating 
enantiomeric entities of a chiral guest molecule, is consisted of two parts: chiral 
selector and chiral transducer. Jennings et al. suggested that a chiral sensor must 
possess the following essential features[51]: i) functional host molecules that are 
arranged in an orderly pattern to provide the required enantioselectivity, ii) host 
molecules that bind reversibly with the analytes and iii) a quantifiable signal that is 
generated by the host-guest interaction. In other words, it shall allow fast qualitative 
and quantitative determination of enantiomeric purity. Possible signaling options 
include spectroscopic (e.g. fluorescence, absorbance), electrochemical (e.g. 
potentiometry, amperometry) or microgravimetric techniques. Compared to 
conventional chromatographic methods, the main advantages of enantioselective 
sensors are as follows:[50, 52] 
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i) no separation steps are requied and the sampling process means only sample 
dissolution/dilution in solution/matrix; 
ii) high precision of the assay of the target enantiomer is obtained, especially if 
the chiral selector formed a high stability complex with one of the enantiomer; 
iii) these sensors can be used as on-line detectors in, the nonequilibrium, flow 
injection assay (FIA), and sequential injection assay (SIA) designed for 
enantioanalysis.  
In the past two decades, chiral sensor  has stimulated many researchers and 
considerable research articles have been published.[8, 27, 50] Bodenhöfer and co-workers 
reported the use of (R)- and (S)-Octyl-Chiralsil-Val as receptors to discriminate 
optical isomers of N-trifluoroacetylalanine methyl ester (N-TFA-Ala-OMe) and 
lactates.[53] Hofstetter et al. developed a promising immunosensor for amino acids to 
monitor biospecific interactions in a competitive assay. This system was capable of 
detecting one part of D-enantiomer in presence of 2500 parts of the respective 
L-enantiomer.[54] Korbel et al. designed an impressive assay called reaction 
microarrays which is an adaptation of DNA microarrays immobilized with 
pseudoenantiomeric fluorescent probes, and capable of identifying two compounds, 
L- (> 99% ee) and D- proline (> 99% ee) from a collection of 15,552 samples.[55] Up 
to date, two major directions for chiral sensors are further developed. One is solution 
assays based on obvious changes in color or fluorescence providing an immediate 
assessment of enantiomeric purity in buffer solution. It might be very useful in 
screening comprehensive combinatorial libraries, quality control in pharmaceutical 
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industry and related fields. The other one is to interface conventional selector systems 
with appropriate established transducers to evaluate their utilities in on-line 
discriminating between enantiomers. A lot of work has been carried out along this 
direction. Some enantioselective sensors are summarized in Table 1.3.   
Table 1.3 Some developed enantioselective sensors reported in the Literature 
Transducer/Technique Chiral selector Refs 
Fluorescence/Color indicator
Azophenolic acerands, calixarenes, 
modified cyclodextrins, 
naphthalene and anthracene 
derivatives, DNA microarray, 





Native and modified cyclodextrins, 
optical active polymer films, crown 
ether, maltodextrins, quinine and 
quinidine derivatives, antibiotics 
and vancomycin, etc. 
[66, 67, 
73-87] 
Chiral amperometric sensor 
Chiral amimo acid oxidase, 
dehydrogenases, glucose oxidase, 
peroxidase and carbon nanotube or 




Quartz crystal microbalance 
(QCM) 
Native and Modified clodextrins, 
calixarenes, MIP, enzyme, DNA 








polymer (MIP) based chiral 
sensor 





Though the above methods have reached some degree of promise and success, 
many drawbacks of these techniques still cumber the way to enantioselective analysis. 
For instance, one of the main disadvantages of PEME electrodes is the construction 
non-reproducibility. For amperometric sensors, the main defect is their short life time. 
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For MIP based sensors, they suffer from binding site heterogeneity, slow mass 
transfer kinetics, and relatively low density of high-affinity binding sites.[27] The 
enantioselective analysis of chiral compounds needs reliable and robust methods. 
Promisingly, QCM technique with proper chiral coatings may overcome these 
problems.  
From the review discussed so far, there is a need to develop new chiral 
sensors. QCM is a good choice whereas it should be in conjunction with proper chiral 
selectors to possess good reproducibility, long-term durability, fast response ability, 
and binding site homogeneity. Functionalized cyclodextrins are promising materials 
as chiral coating on QCM surface. 
1.3  Functionalized cyclodextrins 
1.3.1  Characteristics of cyclodextrins 
Cyclodextrins (CD) are a series of non-reducing cycloamylose 
oligosaccharides produced during the degradation of starch by cyclodextrin glucosyl 






























n=1, 2, 3,...  
Figure 1.4 The molecular structures of the cyclodextrins 
Although CDs containing between 6 to 14 D(+)-glucopyranose units have been 
isolated, only the following three cyclodextrins are commonly used: the smallest is the 
-CD (cyclohexaamylose, C6A) with six glucose residues, followed by -CD 
(cycloheptaamylose, C7A) with seven glucose residues and-CD (cyclooctaamylose, 
C8A) with eight glucose residues. Native cyclodextrins are crystalline, homogeneous 
substances which are soluble in polar solvents.[133-135] It is well established that the 
glucopyranose unites adopt 4C1 chair conformation and orient themselves so that the 
molecule structure is in a toroidal truncated cone form (Figure 1.5). The cavity of 
cyclodextrins is built through the linkages between the hydrogen atoms and the 
glycosidic oxygen bridges. The primary rim (narrow side) of cyclodextrins bears the 
primary 6-hydroxyl groups, whereas the secondary 2- and 3-hydroxyl groups located 
around the secondary rim (wide side) of the tours. The H-1, H-2, and H-4 protons are 
located on the outside surface of the torus. These two sides combined with the outside 
surface of cyclodextrins build up a polar exterior to compatible with polar 
environments. The cavity interior is lined with the glucose ring oxygen atoms, as well 
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as with the H-3, H-5. Moreover, every glucopyranose unit possesses 5 stereogenic 
centers. For instance, -CD totally has 35 stereogenic centers. Therefore, the cavity of 
cyclodextrins is a hydrophobic and chiral environmental hole. 
 
Figure 1.5 Functional scheme of native -CD torus 
In some very early research[136-138], it was reported that a strong hydrogen 
bonding network form between the C-2 hydroxyl group of one glycopyranose residue 
and C-3 hydroxyl group of adjacent residue both in solid state and in solution. In this 
network, the C-3 hydroxyl groups act predominantly as hydrogen-bonding donors and 
the C-2 hydroxyl groups act as hydrogen-bonding acceptors. The intramolecular 
hydrogen bonding results in the rigidity of cyclodextrins, which is an important 
prerequisite to efficient binding. In -CD, a complete belt is formed by the 
intramolecular hydrogen bonds, which attributes to a rather rigid structure of -CD. 
However, the hydrogen belt is incomplete in - and -CD. For -CD molecule, one of 
the glycopyranose residues is in a distorted position, which leads to the existence of 
only four hydrogen bonds instead of six. For -CD molecule, it has a more flexible 
structure than -CD. The arrangement of hydrogen bonds can explain the fact that 
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-CD has lower solubility than - and -CD in water. Table 1.4 lists the most important 
physical and chemical properties of -, - and -CD.[133-135, 139] 
Table 1.4 Physical and chemical properties of three native cyclodextrins 
Cyclodextrin -CD -CD -CD 
Glucopyranose unit 6 7 8 
Formula (anhydrous) C36H60O30 C42H70O35 C48H80O40 
Molecular weight (anhydrous) 972.85 1134.99 1297.14 
Internal diameter (Å) 4.7-5.3 6.0-6.5 7.5-8.3 
Depth of cavity (Å) 7.9 7.9 7.9 
Approximate cavity volume (Å3) 174 262 427 
Water solubility (g/100ml, 298.2 K) 14.5 1.85 23.2 
Crystal water (wt.%) 10.2 13.2-14.5 8.13-17.7 
[]D (deg., 298.2 K) +150.5 0.5 +162.5 0.5 +177.4 0.5 
pKa (298.2 K) 12.33 12.20 12.08 
 
Due to the well-define structure (torus-like), hydrophobic cavity and 
hydrophilic external hydroxyl rims, cyclodextrins are able to form inclusion complexes 
with a wide variety of molecules.[140] This encapsulating capacity is the reason for their 
widespread application in many fields including analytical chemistry, separation 
science and pharmaceutical application.  
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Figure 1.6 Schematic illustration of the inclusion complexation between free cyclo- 
dextrin (CD) and guest molecule 
 
Figure 1.6 shows the possible schemes of inclusion complexation (host-guest 
interaction). In guest molecule, X and Y can be the same complexing ends (in other 
words, only one complexing end in the guest molecule) or differentiated complexing 
ends. The complexation process can be depicted by stability constants Ka (K-a), Ka’ 
(K-a’), Kb (K-b), Kb’ (K-b’). Moreover, the guest molecule, XY, can enter the CD cavity 
through both the primary and the secondary rims and CD·(XY)2 could be formed 
(constant formulas not shown).  
[ ]
[ ][ ]a
CD XYK CD XY
 , ' [ ][ ][ ]a




CD XYK CD XY CD
  , 2'
[ ]
[ ][ ]b
CD XYK CD YX CD
   
This inclusion complexation (molecular recognition process) is mainly 
governed and coordinated by non-covalent interactions, such as electrostatic (ion-ion, 
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ion-dipole, dipole-dipole, dipole-induced dipole, and higher order terms), hydrogen 
bonding, hydrophilic, hydrophobic, van der Waals (VDW), charge- transfer, - 
stacking interactions and steric effect. (Table 1.5) In general, molecular association is 
achieved through a simultaneous cooperation of several weak interactions rather than 
merely by a single weak interaction. Therefore, the chemistry of cooperative weak 
interactions play a key role in chemical and biological molecular recognition 
phenomena.[141, 142] 
 
Table 1.5 Characteristics of molecular interactions (Reprinted from Ref. [142]) 
 
More complexation and recognition mechanisms between host (CD) and 
guest molecules will be reviewed in Section 1.3.4. 
1.3.2  Modification of cyclodextrins 
Natural cyclodextrins, more specifically -CD, have very limited utility due to 
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low solubility in water and some other common solvent, restricted binding 
characteristics and its crystallization in the kidneys. For these reasons, chemical 
modification of cyclodextrins has become increasingly important in cyclodextrin 
chemistry. The synthetic versatility of the hydroxyl group has brought about the 
synthesis of numbers of cyclodextrin derivatives.[133-135, 143, 144] As -CD is more 
widely used than - or -CD[145, 146],  its derivatives are the materials of choice in this 
project.  
As shown in Figure 1.5, every glucopyranose residue has three hydroxyl 
groups, two of which are secondary (on C-2 and C-3) and one primary (on C-6). It is 
well known that each of these hydroxyl groups can be modified through substituting 
the hydrogen atom or the hydroxyl group by various categories of substituents, such 
as organic esters, thio-, amino-, and azido-substituents. The resulting functionalized 
-cyclodextrins can bear a single, seven, fourteen, twenty one (perfunctionalized) or 











R1, R2, R3=OH, NH2, SH, N3,CH3O, ...  
Figure 1.7 Schematic representation of possible substituents of -CD 
Some common derivatised -CDs mainly applied in chromatography are listed 
in Table 1.6.[133, 144, 147]   
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Table 1.6 Common -CD derivatives 
Methylated -CD, Carboxymethylated -CD 
Acetylated -CD, Pyridylethylene diamine -CD 
Benzoylated -CD, Nitropyridylethylene diamine -CD 
Phenyl carbamate -CD, Naphthylethylamine modified -CD 
Hydroxypropylated -CD, -Methylbenzylamine modified  -CD 
(S)- and (rac)-2-Hydroxypropyl -CD, (R)-, (S)- and (rac)- Phenethylcarba- moylated -CD 
3,5-Dimethylphenyl carbamate -CD, Imidazolium -CD 
p-Toluoyl -CD, Ammonium -CD 
 
It has been demonstrated that derivatisation changes the physical and chemical 
properties of the CDs, modifying their solubility, chemical stability, thermal properties 
and complex-forming capacity. According to the chemical structures, derivatised 
-CDs are enthusiastically applied in analytical chemistry, separation science and, in 
particular, chiral separation/discrimination. 
1.3.3  Applications of cyclodextrins in chiral discrimination and separation 
Among synthetic host molecules, -cyclodextrin (-CD) and its derivatives 
have emerged as an ideal candidate for chiral discrimination and separation due to 
well-defined molecular cavities and their ability to accommodate a variety of guest 
molecules. In the past few decades, a considerable number of various cyclodextrin 
derivatives and its native form have been used in chiral discrimination/separation 
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utilizing many analytical methods or techniques. Armstrong and his coworkers 
applied native and functionalized -CD as CSP for chiral separation by GC, LC or 
HPLC.[145, 148-155] König et al. also reported the employment of modified -CDs as 
GC-CSP.[156-158] Koppenhoefer et al. exploited native and derivatized -CDs as chiral 
solvating agents for chiral separation by CE.[159-161] Fietzek et al. utilized native 
-CD-coated QCM sensors for discriminating gas chiral compounds.[108] Ng et al. 
developed new synthetic routes to immobilized modified -CDs on silica gel as CSP 
for HPLC[162-164], SFC[165], used positively-charged single-isomer -CD as chiral 
selectors for CE[147, 166, 167] and also fabricated QCM chiral sensors by immobilizing 
perfunctionalized -CDs for discriminating chiral drugs/compounds[168, 169]. Table 1.7 
summarizes some important applications of -CD in chiral discrimination and 











Table 1.7 The use of -cyclodextrin in analytical separation/discrimination methods 
Method System Mode of use of CD in the system 
Liquid chromatography 
(LC) 
HPLC Chemically bonded 
stationary phase or 




Gas chromatography (GC) 
GSC Deposit on inert support or immobilized 







CZE Additive to the 
background electrolyte, 
immobilized on Fused 
silica capillaries, or 
charged CD derivatives as 










1.3.4  Mechanisms of chiral recognition 
The mechanisms of specific molecular interactions, or called host-guest 
interactions, have drawn much attention and interest to scientists. Though investigated 
by hundreds of scientists[52, 53, 171], the mechanisms remain unclear.  
Two popular mechanisms are supported and used by many scientists. One is a 
thermodynamic mechanism and the other is a kinetic mechanism.  
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1.3.4.1  Thermodynamic mechanism 
In the thermodynamic mechanism, it is widely accepted that the key step in 
chiral recognition is the formation of diastereoisomeric complexes between the 
enantiomers and a chiral selector. Molecular recognition results from the differences in 
Gibbs free energy between the two diastereomeric complexes form between the analyte 
isomers and the cyclodextrins. The greater the difference is, the better the recognition. 
[3] 
 As pointed out by Berthod[149], the difference in the Gibbs free energy of 
association in gas phase for a pair of enantiomers, R/S(G0), can be evaluated by the 
selectivity factor, R/S: 
0
/ /( )R S R SG RT n      
Where 
R/S is the chiral discrimination factor, 
T is the absolute temperature, and 
R is the universal gas constant (8.314 J/molK).  
The corresponding R/S (H0) and R/S (S0) values can be determined by 
measuring the R/S values of the same pair of enantiomers at varying temperatures and 








       
  Therefore, R/S(G0) can be obtained at T by 
0 0 0
/ / /( ) ( ) ( )R S R S R SG T S H        
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Subsequently, the value of R/S(G0) can be applied to estimate the efficiency of 
chiral recognition. 
1.3.4.2  Kinetic mechanisms 
In the kinetic mechanism, two models have been proposed: Three-point Rule 
and Lock-and-Key.  
1.3.4.2.1 Three-point (minimum) model 
The three-point rule was firstly proposed by two biologists, Easson and 
Stedman. They postulated that a minimum of three points of attachment were needed 
between a dissymmetric drug and its target to explain the different physiological 
activities.[172]  The “three-point” model was then developed by Dalgliesh in 1959[173]. 
In this model, at least three of the four bonds attached to a chiral center (carbon atom) 
are involved in the determination of the configuration. The interactions during 
complexation consist of many types of weak interactions which are shown in Table 
1.5.   
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Figure 1.8 The “three-point” interaction model for chiral separation (C* denotes the 
chiral carbon) 
 
Figure 1.8 is a schematic of this “three-point” model. Enantiomer a can present 
three substituents to match the host’s three-point site: B-B’, C-C’ and D-D’, whereas 
the D-D’ interaction lacks in enantiomer b. If the D-D’ interaction is an attractive 
interaction, enantiomer a will necessarily be more tightly bound to the receptor or 
retained on the column longer in chromatography separation than b. If the D-D’ 
interaction is repulsive, the diastereomeric complex with enantiomer b is more stable 
and enantiomer a will be eluted first. [174] In this three-point interaction model, the key 
points are that at least three simultaneous interactions are required and that they 
should occur with three different substituents attached to the stereogenic center. “Two 
different interactions with the same substituent increase only the selector-ligand 
binding energy, not the chiral differentiation efficiency.”[142] 
Although the “three-point” binding model elucidates chiral separation 
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processes convincingly in some cases, it seems oversimplified and sometimes even 
unreliable in dealing with these weakly bonding diastereomeric complexes formed 
between hosts and guests.[171, 175] It was demonstrated by researchers that the 
three-point model is only a geometrical model. “When the -complex selector 
involves a docking contact and an interaction with a line or a plane, this agrees with 
the idea of the three points of interaction because a line is geometrically defined by at 
least two points and a plane is defined by at least three points.”[142] 
1.3.4.2.2 Lock-and-Key 
Another model for chiral recognition initiated by Emil Fischer is the 
“Lock-and-Key” mechanism.6 In 1984, Armstrong et al.[176] proposed the inclusion 
(host-guest) mechanism for the chiral recognition of cyclodextrin-based CSPs. The 
observed stereoselectivity was due to differences in fit or inclusion of the enantiomers 
of the analytes in the cavities of the CSP. In CD chemistry, it is considered a classical 
shape-fitting model including the “induced-fit mechanism”, so the most critical factors 
influencing the stability of the inclusion complex are the size, shape, and polarity of the 
analyte.  
Suggested by Lehn,[177] molecular recognition is defined as a “process involving 
both binding and selection of substrate(s)”, implying a structurally well-defined pattern 
of intermolecular interactions. The concepts of complementarity and fit are critical to 
successful recognition: two molecules must complement one another in size, shape, and 
binding or functionality.[178, 179] This chiral recognition property of cyclodextrins and 
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lock-and-key effects are more well-known in solution due to the overwhelming solvent 
effect. 
However, in the gas phase, it is believed that multiple recognition processes are 
responsible for the chiral separation by CDs. These processes probably involve many 
types of non-covalent interactions such as hydrogen bonding, dispersion forces, and 
dipole-dipole interactions [178] but it is still lacking in an exact mechanism to describe 
the chiral recognition process on CD molecules. Nevertheless, it is suggested that 
inclusion of guest molecule may not be a prerequisite for chiral separation by CDs 
when chiral compounds were resolved on per-n-pentylated amylose CSP.[180] It is 
recommended that two or more different chiral recognition mechanisms are involved at 
CD based CSPs in the gas phase. One mechanism involves CD inclusion complexation 
while the other does not.[149] 
1.3.4.3  Molecular modeling 
For the absence of an exact mechanism to describe the chiral recognition 
process, molecular modeling has been used to be a complementing and supportive tool 
to enhance our understanding. This modeling can reproduce and even predict 
intermolecular binding scenarios between relatively small molecules with high 
reliability. In 1997 and 1998, Lipkowitz et al.[181-184] investigated the enantioselective 
binding of chiral alkanes, alcohols and acetates to permethylated -CD CSP in the gas 
phase using AMBER force field for molecular dynamics simulation. These studies 
achieved in explanation and prediction of where and how chiral selection took place on 
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permethylated -CD, which was in agreement with the experimental data. 
The results indicate that molecular modeling can be a supplementary strategy to 
investigate the mechanism of chiral recognition process on CD molecules. However, 
current molecular modeling studies do not considered the presence of modifiers, ions, 
effects of differential solvation of the diastereomeric complexes.[185] The influences of 
immobilization and the underlying supporting were also omitted in some molecular 
modeling work. 
1.4  Quartz crystal microbalance 
Quartz crystal microbalance (QCM) was first introduced by Sauerbrey in 
1959[186] and widely applied and used for small mass measurement in vacuum, gas 
and liquid phase in the past decades[187] due to its simplicity, low cost and high 
sensitivity. QCM has been used in food, environmental, clinical analysis and thin film 
deposition control, space system contamination studies and aerosol mass 
measurement. The physical and chemical processes are monitored by observing the 
associated mass changes on the surface of quartz crystal. By applying a specifically 
designed layer of functional coating to the quartz surface, a minimum detectable mass 
change is about 1 ng/cm2 with a reliably measure mass changes up to about 100 g. 
The functional coatings on the quartz surface can be designed to specially interact 
with target analytes.[188] 
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1.4.1  Theory of QCM 
Currently, a quartz crystal microbalance (QCM) consists of a thin quartz disk 
with metal electrodes on opposing sides. The commercially available electrodes are 
usually made of gold, silver, titanium or their alloy. QCM is linked to an oscillation 
circuit by a connector (Figure 1.9). 
 
Figure 1.9 Common configuration/view of quartz crystal microbalances with a holder 
and connector 
Through the metal electrodes, an oscillating electric field applied across the 
device induces an acoustic wave as the QCM is piezoelectric. This resulting wave 
propagates through the crystal and meets minimum impedance when the thickness of 
the device is a multiple of a half wave-length of the acoustic wave. Since QCM is a 
thickness shear mode (TSM) device, the quartz crystal must be cut to a specific 
orientation with respect to the crystal axes to guarantee the acoustic wave to propagate 
in a direction perpendicular to the surface of the crystal. In QCM application, the 
quartz crystal is typically cut in the AT form, at a 35°10' angle from the Z-axis as can 
be seen in Figure 1.10. As indicated by K.A. Marx, “this geometry provides a stable 
oscillation with almost no temperature fluctuation in fundamental frequency (f0) at 
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room temperature”. [189] 
 
Figure 1.10 AT-cut of a quartz crystal from which the metal coated QCM quartz 
crystals are produced and an end on crystal view of the thickness shear mode (TSM) 
of oscillation. (Reprinted from Ref.[190] ) 
For an AT-cut QCM operating in the thickness-shear mode, the shifts (∆f) from 
fundamental frequency (f0) of an oscillator circuit can be expressed by a equation 








A  (1-1) 
Where f is the measured resonant frequency decease in Hz; 0f is the fundamental 
frequency of the quartz crystal in Hz; m is the elastic mass change of the crystals; A is 
the electrode area in square centimeters; q is the density of quartz (2.648 g/cm3); 
q is the shear modulus of quartz (2.947× 1011 g/cm·s2). As shown in the Sauerbrey 
equation, decreases in the resonant frequency are simply related to the mass 
accumulated on the crystal. The fundamental assumption in this equation is that for 
small mass changes the addition of foreign mass can be treated as an equivalent mass 
change of the quartz crystal itself but it becomes inaccurate for masses bigger than 
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about 2% of the crystal mass. [189] For a 10 MHz with 0.20 cm2 of the electrode area of 
QCM, the detection limit can be low to ca. 1.13 Hz/ng. This integrated sensitivity 
level is approximately one thousand times greater than a common electronic mass 
balance with a sensitivity of 0.1 g. However, this equation is only validated in 
vacuum, gas phase or for calculating dried bound mass. 
When a quartz crystal is immersed into a sample solution, the oscillating 
frequency not only depends on deposit mass itself but also the solvent used. In most 
cases in liquid phase, the relationship between f and m is no longer linear and 
proper calibrations or corrections are needed. New equation was derived by 






f nf   
    
    (1-2) 
Where n is the number of faces contacted with solution; ∆f is measured frequency 
shift in Hz; f0 is resonant frequency of the unloaded crystal in Hz; L is density of liquid 
in contact with the crystal; L is viscosity of liquid in contact with the crystal; q is 
density of quartz, 2.648 g/cm3; q is shear modulus of quartz, 2.947×1011 g/cm·s2. 
Excluding salts and high polymer solutions, ∆f is proportional to ( L L  )1/2 in 
solution. The linearity of the dependence of the frequency decrease on ( L L  )1/2 was 
conducted and verified by Kanazawa et al by using many solvents selected on the 
basis of their different viscosity, density and electrical conductivity. [192] 
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1.4.2  Applications of QCM 
The first commercialized QCM for analytical application was provided by King 
in 1964 [193]. This sensor was capable of detecting moisture down to 0.1 ppm and 
hydrocarbons such as xylene to 1 ppm. From then on, intensive research of 
piezoelectric detectors has been carried out in many areas. [108, 121, 194] Currently, there 
are many kinds of QCM detectors commercially available.[188, 195] Some of them are 
described in Table 1.8. 

































































Due to its low cost and inherent ability to monitor analytes in real time (in situ), 
there is a wide range of applications with QCM[106, 191]. Before 1985, the implemented 
areas were mainly focused in:  
i) analytical chemistry and gas detection; 
ii) thin-film deposition process control; 
iii) simultaneous mass and temperature measurements; 
iv) space system contamination monitoring; 
v) aerosol mass measurements; 
vi) plasma-assisted etching studies and applications; 
vii) surface science. 
After that, the implemented areas are largely extended. QCM technique is 
becoming a powerful alternative analytical method utilized in drug analysis, 
biomedicine and other relevant scopes. Table 1.9 summarizes some important 
applications in the fields of electrochemistry, analytical and organic chemistry and 








Table 1.9 Some key applications of QCM in recent years 
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viscoelastic properties of 
thin films[210, 211] 
Membrane fuel cell 
electrodes[212] 
Lipids and membranes 
[213] 
However, QCM is still a non-specific technique and merely a sensitive 
analytical tool because of its high dependence on the molecular specificity of functional 
coatings for adsorbing and selecting analytes. Consequently, it is demanded to have 
proper coating layers and an implementation method with good reproducibility for the 
application of QCM piezoelectric assays in analytical science. 
1.5  Self-assembled technique 
For a variety of scientific and technological reasons, the spontaneous 
organization of molecules at interfaces has been widely studied in recent years. The 
two most common methods to form ordered surface arrangement at a solid surface are 
Langmuir-Blodgett deposition and self-assembly techniques. Monolayers of insoluble 
amphiphiles and physically deposit at the water/vapor interface are known as 
Lamgmuir monolayers (LMs). It has been demonstrated, however, that LMs suffer 
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both in chemical and mechanical stabilities. Monolayers of densely packed molecular 
arrays chemisorbed from solution onto solid substrates are known as self-assembled 
monolayers (SAMs).[214, 215] With respect to the film stability and durability, the 
self-assembled technique is a better way to immobilize functional cyclodextrins onto 
the surface of QCM with ordered array. 
1.5.1  Overview 
SAMs are highly ordered and oriented and can include a wide range of 
assemblies, such as trialkyl-, trichloro-, or trialkoxysilanes on silicon dioxide 
surfaces[216-219], carboxylic acids adsorbing onto aluminum oxide and silver 
surfaces[220-222] and n-alkanethiols chemisorbing to gold surfaces[223-225]. Among them, 
self-assembled monolayers of alkanethiolates on Au (111) surfaces (Figure 1.11) are 
particularly well-studied system.[226, 227]  
 
Figure 1.11 General schematic view of formation of a SAM 
Upon exposure of a gold substrate to such a thiol in the gas phase or in 
solution, a bond between gold and sulfur forms rapidly, typically within seconds to 
minutes. As shown by kinetic study, there are two steps in the formation of SAMs of 
alkanethiol adsorption onto Au (111) surfaces: [219, 228] 
 35
i) Formation of thiolate-gold bonds (the surface-head group reaction); 
ii) The order, the level of defects and stability of SAMs are enhanced or driven by 
the favorable lateral interactions (e.g. VDW, dipole-dipole, etc.) between alkyl 
chains. 
As suggested by Ulman et al., chemisorption of alkanethiols as well as of 
di-n-alkyl disulfides on clean gold substrate provides indistinguishable monolayers. 
Nevertheless, SAMs composed by di-n-alkyldisulfides are far poorer quality. The 
possible mechanisms in the formation of SAMs from alkanethiols and di-n-alkyl 
disulfides are as followed:[219] (T denotes terminal group) 
0 0
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        (1-3) 
Thiol-based SAMs are the most attractive structures for the following reasons: 
i) Ease of fabrication; 
ii) Excellent structural uniformity; 
iii) Good availability of materials; 
iv) Promising chemical stability under ambient condition; 
v) High flexibility in chemical functionality by incorporating different terminal 
groups into SAMs. 
1.5.2  Applications of self-assembled technique 
Since the demonstration that alkanethiols can bind to gold to form SAMs, 
employment of these thin films has become ubiquitous in electrochemical, 
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biochemical, materials science, and other applications.[229] The most important and 
frequent application of SAMs in electroanalytical chemistry is the development of 
sensors. In these sensing systems, SAMs are utilized for selective adsorption in both 
solution and gas phase for chemical sensing. SAM modified gold electrode have been 
applied to monitor pH, inorganic species and organic molecules using both chemical 
and biological recognition elements.[228] Some current significant applications of 
Au/SAM sensor systems are listed in Table 1.10. As reported by Park et al., SAMs of 
thiolated -CDs immobilized on gold electrodes exhibit molecular recognition ability. 
Table 1.10 Selected significant applications of Au/SAMs 
Application SAM/Terminal group Analyte/Target Ref. 
pH sensor Ferrocenyl thiol and 
quinone thiol 
pH of solution Wrighton et al.[230] 
 Pyrroloquinoline quinone 
(PQQ) thiol 
Urease Willner et al.[231] 
 Acylated anthranilate- 
terminated alkanethiol 
pH of solution Ozaki et al.[232] 
Inorganic 
sensor 
Bis-/Trishiydroxamate Fe3+, Cu2+ in 
solution 
Rubinstein et al.[233] 
 Alkanethiols modified 
with a phosphorylated 
tyrosine analogue 
Ion permeation Uvdal et al.[234] 
 Thiazole benzo crown- 
ether ethylamine-lipoic 
acid conjugate  
monolayer 




Peptide ions Laskin et al.[236] 
Biosensors & 
organic sensors 
PQQ-FAD/GOx thiol Glucose and 
lactate 






Feldberg et al.[238] 
 HS--CD p-Benzoquinone 
in solution 
Park et al.[239] 
 37
 Derivatives from 






Mrksich et al.[240] 
1.5.3  Self-assembly of thiolated cyclodextrins 
As detailed reviewed in Section 1.3, cyclodextrins are ideal candidates for 
studying the host-guest molecular recognition with respect to their well-defined 
molecular cavities and ability to complex with a diverse range of guest species.  
In the past decade, several groups reported the preparation of SAMs of thiol- or 
sulfide-modified - and -CDs on gold electrodes. Kaifer[241] and his coworkers 
immobilized native -CD molecules on a gold surface through thiol moieties directly 
linked to the -CD molecule. Mitter-Neher et al.[242, 243] reported the immobilization 
kinetics of -CD at gold surfaces through mono- or multithiol linkers. Reinhoudt et 
al.[244, 245] developed synthetic routes for the introduction of short and long 
dialkylsulfides onto the primary side of -,-, and -CDs. It was revealed that a highly 
ordered, quasihexagonal packing was obtained with their cavities exposed to the outer 
surface. 
Moreover, Park[239] and his coworkers deposited -CD monolayers on gold 
surface to study the inclusion of electrochemically active guests such as quinone 
derivatives. Galla et al.[246] described the interaction of 2-(p-toluidinyl) 
naphthalene-6-sulfonic acid and 1-adamantanecarboxylic acid with a -CD SAM 
monitored by electrochemical impedance spectroscopy. Recently, Yamamoto and his 
coworkers[247, 248] conducted studies of complexation of various kinds of bisphenols 
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(BPs) and phthalate esters by a SAM of thiolated cyclodextrin on a gold electrode.  
The above studies have demonstrated that an ordered immobilized CD 
monolayer can be constructed on the gold surface through alkanethiol- and dialkyl 
sulfide-linker while still preserves its ability of molecular recognition.  
In summary, it is still lacking of chiral sensors with CDs and QCM possessing 
reproducibility, long-term durability, fast response ability, binding site homogeneity, 
and good molecular recognition ability. The chiral recognition mechanisms also 
remain unclear.  
In a previous study of our group, perfunctionalized -CDs modified with 
methyl, n-pentyl and benzoyl groups were immobilized on gold surfaces of QCM 
crystals. These chiral sensors showed good reproducibility, stability and re-usability, 
and promising molecular recognition ability in the gas phase.[168, 169, 249] In this project, 
in order to obtain new functionalized CDs with increasing discriminatory ability, new 
mercaptyl perfunctionalized -CDs will be synthesized and immobilized onto Au 
electrodes through single thiol linkers using self-assembled techniques to conduct 
molecular recognition in both gas phase and liquid media. 
1.6  Objectives 
In this project, the primary objective is to develop new chiral sensors 
immobilized with perfunctionalized -cyclodextrins which are applicable for real-time 
enantioselective recognition and analysis of enantiomers/chiral drugs. The mechanisms 
of chiral recognition are also investigated. Specifically the following aspects will be 
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highlighted: 
i) Synthesis of new perfunctionalized -CDs, fabrications of new chiral sensors 
with these -CDs on QCM using self-assembled technique and their surface 
characterizations; 
ii) Gas phase chiral discrimination and its mechanism study by the QCM based 
chiral sensors utilizing home-built gas pulse-measuring system;  
iii) Liquid phase chiral discrimination and its mechanism study by the QCM based 
chiral sensors employing KSV-analyzer measuring system; 
Seven sets, 14 new mercaptyl perfunctionalized -CDs designed and 
synthesized may enhance enantioselectivities towards some selected chiral compounds 
when they are built as receptors. They could be immobilized onto gold surfaces of 
quartz crystals by self-assembled technique. The structures of these monolayers could 
be revealed by various surface characterization techniques including AFM, XPS, SE. 
Gas phase chiral discrimination could be achieved towards selected enantiomeric 
lactates and alcohols by employing these QCM based chiral sensors. Meanwhile, 
aqueous phase chiral recognition may be realized towards selected amino acids, organic 
acids and some other enantiomeric drugs. Moreover, the recognition mechanisms of gas 
and liquid phase chiral discrimination may be clearer through this project.  
In order to achieve the objectives described above, this project focuses on 
developing new chiral sensors for real-time chiral discrimination/recognition toward 
selected enantiomers and investigating mechanisms of the recognizing processes. 






Perfunctionalization of -cyclodextrins 
and Their Self-Assembled Monolayers 
on Gold Surface 
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2.1  Introduction 
The analysis of stereoisomeric composition of chemical compounds, 
especially those of pharmaceutical significance, plays a critical role in the drug 
industry mainly because of the importance of chirality in living systems.[3]  Several 
approaches such as gas chromatography/chiral stationary phase (CSP) and 
high-performance liquid chromatography/CSP have been developed to characterize 
chiral compounds. Of these approaches, chiral sensor systems allow rapid qualitative 
as well as quantitative determination of enantiomeric purity in real time. For instance, 
Bodenhöfer and co-workers have reported the use of (R)- and (S)-Octyl-Chiralsil-Val 
as receptors to discriminate optical isomers of N-trifluoroacetylalanine methyl ester 
(N-TFA-Ala-OMe) and lactates.[53] Hofstetter et al. developed a new immunosensor to 
monitor biospecific interactions.[54] Although not fully exploited for chiral sensing, it 
has been reported that sensors based on a quartz crystal microbalance (QCM) coated 
with cyclodextrins (CD) are widely used in the study of stereospecific interactions at 
the solid-gas interface.[5, 108, 112, 250] A chiral sensor is generally known to have three 
essential features[251, 252]: (i) functional host molecules that are arranged in an orderly 
pattern to provide the required enantioselectivity, (ii) host molecules that bind 
reversibly with the analytes, and (iii) a quantifiable signal that is generated by the 
host-guest interaction. 
While a chiral sensor represents one promising analytical method in 
characterizing enantiomers, it remains a challenge to achieve online analysis of 
enantiomeric compounds. Additionally, very few publications have reported the 
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self-assembly of perfunctionalized -CDs on QCM for the study of host-guest 
interactions in the gas phase. Our group has previously described a QCM chiral sensor 
immobilized with self-assembled perfunctionalized -CD which were modified with 
methyl, n-pentyl, and benzoyl groups.[168, 169] A facile synthetic route to mercaptyl 
perfunctionalized -CDs has been successfully developed, and the products have been 
self-assembled onto gold electrodes of quartz crystals to afford durable sensors 
capable of discriminating enantiomers. These sensors not only conformed to the 
above three basic requirements but also exhibited enhanced enantiomeric 
discriminatory ability and were capable of performing fast and real-time (in situ) 
analysis coupled with high sensitivity, flexibility, and long-term durability.[168]  
In order to obtain new functionalized CDs with increasing discriminatory 
ability, fourteen new mercaptyl perfunctionalized -CDs were designed and 
successfully synthesized in this work and immobilized onto Au electrodes of 10 MHz 
AT-cut quartz plate through single thiol linkers, NH2(CH2)nSH, where n = 2 and 11. 
The resulting -CD derivatives were studied by NMR, electrospray ionization/mass 
spectrometry, matrix-assisted laser desorption ionization time-of-flight mass 
spectrometry, elementary analysis, Fourier transform IR spectroscopy. The 
self-assembled monolayers (SAMs) formed were characterized and verified by 
surface-sensitive techniques such as in-situ QCM measurement, spectroscopic 
ellipsometry, X-ray photon spectroscopy, and atomic force microscopy.  
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2.2  Modification of -Cyclodextrins 
















3-71 2  
Scheme 2.1 Synthetic pathway of mono-(6-azido-6-deoxy) perfunctionalized - 
cyclodextrins 
Tosyl imidazole was synthesized from tosyl chloride and imidazole in dry 
dichloromethane (DCM) at room temperature. As reported in previous work[134, 253], 
native -CD was coupled with tosyl imidazole in water at extremely mild condition 
(Step I) to give compound 1. In Step II, Ts--CD was stirred with excess NaN3 
dissolved in water at 95 ºC to produce compound 2. Step III involved the synthesis of 
mono-(6-azido-6-deoxy) perfunctionalized -cyclodextrins in which the rest of 20 
hydroxyl groups were substituted by seven different phenylcarbamoyl groups (R), 










3. Ph--CD                  4. MP--CD 
M = phenyl isocyanate          M = (4-methoxyl)phenyl isocyanate 
N3 (OOCNHPh)6




5. CP--CD                  6. BP--CD 
M = (4-chloro)phenyl isocyanate     M = (4-bromo)phenyl isocyanate 
N3 (OOCNHPh(p-Cl))6




7. IP--CD                  8. MtP--CD 







M = 3, 4-(methylenedioxy)phenyl isocyanate 
N3 (OOCNHPh(3,4-CH2O2))6
(OOCNHPh(3,4-CH2O2))14  
Figure 2.1 Structures of seven mono-(6-azido-6-deoxy) perfunctionalized 
-cyclodextrins 
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2.2.2  Synthesis of sulfide pendants 
Scheme 2.2 Synthesis route of thiol spacers 
Cysteamine (n = 2) (Sigma) was used as received. As depicted in Scheme 2.2, 
11-(-mercaptyl)-undecanylamine (10b) (n = 11) was prepared by a facile route 
derived from a modified Gabriel reaction[254] using 10-undecen-1-ol (Alfa Aesar) as 
starting material, followed by a photoaddition reaction under UV light[255] and a 
deprotection step. The detailed synthesis of thiol spacers can be found in the Chapter 
5. 
2.2.3  Synthesis of mercaptyl perfunctionalized -CDs 











Scheme 2.3 Synthetic route of mercaptyl perfunctionalized -CDs 
Finally, compounds 3 to 9 and the thiol linker 10 were coupled using an ex-
tended Staudinger reaction under mild conditions to afford products (11-17) (shown in 
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Table 2.1).[256]  
Table 2.1 R group and the length of thiol linker of perfunctionalized -cyclodextrins 
Product R group 
Length of thiol 
linker 
Code 
11a phenyl carbamoyl (Ph-NH-CO-) 2 Ph--CDS 
11b phenyl carbamoyl (Ph-NH-CO-) 11 Ph--CDL 
12a 
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The mass, structure and purity of the products were verified by ESI-MS, 
MALDI-TOF MS, NMR, FT-IR and elementary analysis. 
 
Figure 2.2 FT-IR spectra of CP--CD (left) and CP--CDS (right) 
As shown in Figure 2.2, the –N3 adsorption peak at 2106 cm-1 is absent in the 
FT-IR spectrum of CP--CDS whilst presents in that of CP--CD. This indicates that 
CP--CD has been converted to CP--CDS. 
 




As represented in the above Maldi-TOF mass spectrum, the three peaks at m/z 
4308.10, 4326.16 and 4460.78 corresponding to [M]+, [M+H2O]+ and 
[M+chlorophenyl+H2O+Na]+ verified that CP--CDS was successfully obtained. 
More detailed characterization data (e.g. NMR, etc) of each perfunctionalized 
-cyclodextrin are discussed in Chapter 5. 
2.3  Fabrication and Characterizations of Monolayers 
2.3.1  Immobilization processes  
Alkanethiols adsorb spontaneously onto the surface of gold and the thiol 
groups chemisorb onto the gold surface via the formation of a gold-thiol bond to 
produce a densely packed, highly ordered monolayer. The monolayer can be 
engineered either via self-assembly from solution or by printing onto the metal 
surface using a stamp (microcontact printing).[228] In this work, the self-assembly 
process was employed to fabricate our QCM sensors.  
2.3.1.1  Monolayer immobilization process (Process I) 
Figure 2.4 shows a typical process for immobilizing monolayers onto gold 
surface. All mecaptyl -CD solutions were freshly prepared. Pretreated clean QCM 
plates were soaked in the solutions and incubated for 24 hours. Monolayers were built 
up spontaneously by the adsorption of the thiols onto gold substrates. It is generally 
accepted that the central bonding habit of the high-coverage thiol phases on Au(111) 
is based on a ( 3 3 )R30° overlayer (R = rotated) and all the alkyl chains are in the 
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Figure 2.4 General immobilization scheme for functional -CDs (chiral selectors) of 
monolayers 
However, some defects would be formed especially when terminal groups are 
bulky in the pre-described procedure.[258] To build up a close packed and highly 
ordered monolayer, the alkanethiols must pack into a crystalline-type lattice in 
specific arrangements on the gold surface as mentioned above. Generally, optimal 
packing requires uniform, geometrically defined units. For instance, ten 1-inch 
diameter tubes (Figure 2.5a) can be packed into a tighter bundle than ten hammers of 
similar length (Figure 2.5b). In other words, straight chain alkanethiols can assemble 
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together in a very close packing with fewer defects, while those with bulky terminal 
groups typically form less ordered monolayers. This disorder is heavily driven by 
steric hindrance which interferes with the molecular assembling process. If an ordered 
monolayer is required for a given application which also demands an alkanethiol with 
a bulky terminal group, it is often possible to use a mixed monolayer system. Hence, 
an alkanethiol with a shorter carbon chain and small terminal group can be employed 
as a spacer in conjunction with a longer chain alkanethiol with the terminal group of 
interest. This allows the target monolayer to order itself while still presenting the 
desired terminal group to the outer surface (Figure 2.5c) [258]. Therefore, according to 
the above, an alternative way of immobilizing process was also conducted as 
described in 2.3.1.2. 
 
 
Figure 2.5 Ten 1-inch diameter tubes order tightly (a), the bulky head (terminal group) 
of the hammer prevents tight packing (b) and the tubes act as spacers to help order the 
hammers with the bulky terminal group (c). Reprinted from Ref[258]. 
2.3.1.2  An alternative immobilization processe (Process II) 
This alternative Process II is illustrated in Figure 2.6. This procedure was 
based on modification of work previously reported[204] . Clean gold QCM sensor 
electrodes were soaked in ethanol or solvent pair solutions containing 1 mM 
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aminoalkanethiol for 24 h at room temperature, then rinsed with copious mili-Q water 
and absolute ethanol, and finally dried in N2 stream. Simultaneously, 300 L of 
functional -CDs in a THF solution (30 mg/ml) was reacted with 300 L of Ph3P (100 
mg/ml) for 30 min with bubbling CO2 at room temperature. This solution was 
deposited on sensor electrodes prepared above for several hours at room temperature 
under a dry inert gas atmosphere. Sensors with the immobilized chiral selector were 
then rinsed with THF and ethanol, and finally dried in N2 stream.  
 
 
Figure 2.6 Alternative immobilization scheme for functional -CDs (chiral selectors) 
of monolayers 
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2.3.2  Characterization of monolayer structures by AFM 
Atomic force microscopy (AFM) is widely used to characterize surface 
structure of a variety of materials, conducting and nonconducting, with very high 
resolution. The principle of AFM is to raster-scan a sharp tip over the sample surface 
and to probe interaction forces with piconewton sensitivity. The forces between the 
probe and the target surface examined by AFM include the van der Waals, capillary 
and electrostatic forces. Due to the ability to probe non-conducting materials and the 
simplicity of its design[214], the AFM has been widely utilized for the topological 
characterization of the functional SAMs in order to investigagte the structure, physical 
and chemical properties, and the structure-property relationships at these 
interfaces.[259, 260] AFM was therefore employed to offer information on the packing of 
























Figure 2.7a shows the topographic image of a non-treated gold surface on the 
quartz crystal. There are no particles observed on the gold surface up to a height of 
about 10 nm. Although the surface is not absolutely flat, it is undoubtedly smoother 
than those coated with monolayers of derivatized -CDs (Figure 2.7b-e). The surface 
coated with -CDs can be easily distinguished from the control surface by the 
particles of diameter ranging from 50-70 nm observed at the height of 20 nm, 
suggesting the presence of the immobilized -CDs on the gold surface. It can also be 
observed that the Ph--CDS coating is monolayer while the Ph--CDL coating 
appeared to be a quasi-two-layer packing[261], as shown in Figure 2.7. This is due to 




Figure 2.7 AFM images (tapping mode, Si3N4 tip, scan area 1μm×1μm) of the mercaptyl
functionalized SAMs coated on the gold electrodes of the quartz plate: (a) a control,
non-treated gold surface, (b) Ph--CDS (Process I), (c) Ph--CDL (Process I), (d)
Ph--CDS (Process II), (e) Ph--CDL (Process II). 
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of the sulfide group of more than 10 methylene units could be more flexible and also 
“softer” than the short one. Consequently, the longer spacers may bend to 
accommodate denser packing as illustrated in Figure 2.8. Furthermore, it can be 
noticed that Process II resulted in much more ordered arrangement than Process I. For 
the rest of this thesis, Process II is the preferred method for SAM fabrication. 
 
Figure 2.8 Schematic view of mercaptyl functionalized -cyclodextrin self- assembled 
monolayers coated on gold surface, where t and g represent tunnel and gap, respectively. 
The truncated cone denotes the functionalized -cyclodextrin. 
2.3.3  Characterization of monolayer structures by XPS 
Currently, X-ray photoelectron spectroscopy (XPS) is the most extensively 
used surface-analytical technique. Surface structure analysis by XPS is based on the 
measurement of the binding energies of electrons ejected from sample surface. 
High-resolution scans of individual elemental core levels can disclose information on 
the type of chemical groups and bonds existing in molecules at the surfaces of 
samples.[262, 263]  
It is well known that alkanethiols are readily self-assemble onto gold surface 
by forming Au-S covalent bond.[226] XPS has frequently been utilized to detect this 
covalent bond.[264] Previous studies have reported that the formation of Au-S bond 
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would result in a negative shift in the binding energy of S2p electron in comparison 
with that of the natural sulfur. The S(2p3/2) binding energy of natural unbound thiols 
sulfur is around 164 eV and that of bound thiolates is around162 eV. [244, 245, 265, 266] 
From the XPS S(2p) spectra (Figure 2.9), it can be observed that the S(2p3/2) 
binding energies of Ph--CDS, Ph--CDL, MP--CDS and MP--CDL are all close 
to 162 eV (162.2, 162.4, 161.9 and 162.5 eV, respectively). This indicates that Au-S 
bonds are formed due to self-assembly of the thiols on the Au surface.  
In addition, as shown in Figure 2.9, Ph--CDS and MP--CDS depict much 
better XPS results than their counterparts. This is mainly because a thicker monolayer 






















B.E.(eV)   
a. Ph--CDS                      b. Ph--CDL 











B.E.(eV)   
c. MP--CDS                     d. MP--CDL 
Figure 2.9 XPS S2p spectra for mercaptyl functionalized monolayers on gold substrate 
2.3.4  Surface monolayer concentration and coating reproducibility 
The self-assembly process of all mercaptyl functionalized -cyclodextrins was 
monitored by QCM. Our group previously described QCM chiral sensors 
immobilized with self-assembled perfunctionalized -CD which were modified with 
methyl (Me--CDS, Me--CDL), n-pentyl (Pe--CDS, Pe--CDL), and benzoyl 
groups (By--CDS, By--CDL)[168, 169]. For comparison purposes, these three pairs of 







Figure 2.10 Surface concentrations expressed as a function of different mercaptyl- 
functionalized -cyclodextrin self-assembled monolayers. 
On the basis of Equation 1-1, the surface coverage of all SAMs were 
calculated and shown in Figure 2.10. The surface density of the different SAMs was 
found to vary from 2.25×10-11 to 9.00×10-11 mol/cm2. Weisser and Nelles et al. 
suggested a hexagonal closed packing model in which the CD tori packed parallel to 
the gold surface.[242, 243] Their results show the surface coverage ( of the 
cyclodextrin torus of the mono- or multi-thiolated compounds to be around 8.11×10-11 
mol/cm2. The molecular sizes of the present series of CD tori are much larger than the 
thiolated CDs reported, which account for the smaller surface coverages calculated as 
compared to those CDs in ref.[243]. This suggests that the -CD derivatives in the 
present work adopt approximately the hexagonal close packing model instead of the 
brick packing model[243]. It is also interesting to note that L>S for all cases which 
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correlates well with a computational study reported previously[261]and the AFM 
images (Figure 2.7). Furthermore, it is readily seen from Figure 2.10 that the surface 
density is inversely proportional to the bulkiness of the R group. The surface density 
of the mercaptyl-functionalized -cyclodextrin follows the order, 
Me>Pe>By>Ph>CP>BP>IP>MP>MtP>MdP, which reflects the bulkiness of the 
group and the effect of steric hindrance. 
As can be seen from Figure 2.10 and Table 2.2, the relative standard 
deviation (RSD) of the above SAMs on QCM plates ranges from 2.93% of IP--CDL 
(15b) to 7.09% of MP--CDS (12a), indicating good reproducibility of the coating 
procedures.
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Table 2.2 Frequency reductions upon monolayer immobilization (-f in Hz) and surface coverage of mercaptyl functionalized -CDs 
on the Au electrodes of QCM 
 
QCM Sensor S L 11a 11b 12a 12b 13a 13b 14a 14b 15a 15b 16a 16b 17a 17b 
# 1 83 238 86 129 99 143 95 160 123 175 146 216 100 135 99 133 
# 2 87 245 85 136 89 129 107 147 126 196 140 212 89 139 89 136 
# 3 86 241 89 123 86 137 100 145 116 179 133 201 86 149 95 141 
# 4 90 240 80 126 94 145 94 157 113 189 129 204 97 152 90 138 
# 5 82 235 95 137 83 142 110 155 118 176 142 206 98 150 87 147 
Mean value (Hz) 85 240 87 130 90 139 101 153 119 183 138 208 94 145 92 139 
Standard deviation (Hz) 3.2 3.7 5.5 6.1 6.4 6.4 7.1 6.5 5.3 9.1 6.9 6.1 6.1 7.5 4.9 5.3  
Relative standard deviation (%) 3.78 1.54 6.35 4.72 7.09 4.62 7.05 4.25 4.42 4.99 4.99 2.93 6.51 5.18 5.32 3.84  
Surface coverage () (×1011mol/cm2) 97.50 105.11 2.61 3.22 2.32 2.99 2.55 3.20 2.50 3.18 2.45 3.09 2.25 2.86 2.2 2.79 
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2.3.5  Characterization of monolayer structures by Spectroscopic ellipsometry  
Spectroscopic ellipsometry (SE) is a versatile and powerful optical technique 
to determine the optical properties and physical structure of thin film and bulk 
materials.[267] Upon the analysis of the change of polarization of light, which is 
reflected off a sample, ellipsometry can yield information about layers that are thinner 
than the wavelength of the probing light itself, even down to a single atomic layer or 
less. It is commonly used to investigate film thickness for single layers or complex 
multilayer stacks ranging from a few angstroms or tenths of a nanometer to several 
micrometers with an excellent accuracy. Therefore, spectroscopic ellipsometry is a 
very useful tool in determining the thickness of ordered monolayers.  
In this work, thickness of mercaptyl functionalized -CD monolayers was 
measured using a variable angle spectroscopic ellipsometer (refer to Chapter 5 for 
detail). The theoretical thickness of these compounds was calculated by using the 
Guassian 98 package[268]. The molecular geometry was optimized with AM1 method, 
followed by using the B3LYP functionals.[269, 270] The experimental and calculation 
results are presented in Table 2.3 and Figure 2.11. The theoretical results were based 
on the well-known assumption that the alkanethiol chain tilted 30 relative to the 
vertical direction of gold surface. The measured ellipsometric thicknesses of -CD 
SAMs were in reasonably good agreement with the theoretical values considering that 
ellipsometry was only accurate with  2 Å.[271]
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Table 2.3 Theoretical thickness and experimental thickness determined by spectroscopic ellipsometry for the SAMs of 
mercaptyl functionalized -CDs 
Monolayer 11a 11b 12a 12b 13a 13b 14a 14b 15a 15b 16a 16b 17a 17b 
Experimental 
thickness (Å) 
19.24 30.52 19.99 35.05 18.87 31.19 22.87 30.95 20.83 31.23 19.96 33.62 19.35 34.79
20.20 33.21 21.20 31.97 19.89 32.98 21.99 31.87 20.56 34.55 20.96 34.20 21.10 33.20
18.08 30.66 23.02 32.54 23.60 31.92 18.69 35.74 21.56 31.59 23.14 31.34 23.55 31.05
Average thickness 
(Å) 
19.17 31.46 21.40 33.19 20.79 32.03 21.18 32.85 20.98 32.46 21.35 33.05 21.33 33.01
Standard deviation 
(Å) 
1.06 1.51 1.53 1.63 2.49 0.90 2.20 2.54 0.51 1.82 1.63 1.51 2.11 1.88
Relative standard 
deviation (%) 
5.54 4.81 7.13 4.94 11.97 2.81 10.40 7.74 2.47 5.61 7.62 4.57 9.89 5.69
Theoretical 
thickness (Å) 





2.89 1.79 2.72 2.11 2.53 2.36 2.34 1.86 2.78 2.39 3.16 2.65 2.69 2.19
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Figure 2.11 Experimental thickness and errors of the SAMs of mercaptyl 
functionalized -CD determined by spectroscopic ellipsometry  
As shown in Table 2.3 and Figure 2.11, thickness of monolayers with long 
thiol spacers (L) ranges from 31.46 to 33.05 Å while those with short thiols spaces (S) 
are from 19.17 to 21.40 Å, in agreement with previously reported native -CD 
monolayer data[242]. We can conclude that L SAMs are thicker than their S 
counterparts. However, monolayers with bulkier groups are not necessarily thicker 
than those with smaller groups (CH2O2>CH3S>CH3O>I>Br>Cl>H). This may be 
attributed to secondary intermolecular interactions between the SAMs. In general, the 
SE results indicate that the monolayers have been successfully fabricated. It is also 
confirmed that the sensor fabrication procedure is well reproducible with the relative 
standard deviation (RSD) of fourteen QCM coatings ranging from 2.47% of 




2.4  Summary 
Fourteen new mercaptyl-perfunctionalized -CDs were successfully 
synthesized, leading to the engineering of new chiral sensors for real time chiral 
recognition through two immobilization processes. The resulting compounds were 
characterized by NMR, electrospray ionization mass spectrometry, matrix-assisted 
laser desorption ionization time-of-flight mass spectrometry, elementary analysis and 
Fourier transform IR spectroscopy. The self-assembled monolayers (SAMs) formed 
were characterized and verified by and surface analysis techniques such as in-situ 
QCM measurement, spectroscopic ellipsometry, X-ray photon spectroscopy, and 
atomic force microscopy. 
The surface morphology change of the gold surface after the adsorption of 
mercaptyl functionalized -CDs was clearly revealed by topographic images of AFM 
in tapping mode on Au(111) surface. The AFM figures showed that the 
self-assembled perfunctionalized -CDs of short sulfide pendant formed monolayers 
while those with long sulfide pendant groups appeared to produce a quasi-two-layer 
packing, resulting in denser packing and higher surface concentration. This was 
supported by both QCM results based on calculations by the Sauerbrey equation and 
SE measurements. 
XPS provided chemical bonding information about the monolayer structure of 
mercaptyl functionalized -CDs. It was proved that Au-S bond was formed at the 
interface of coatings and gold surface. S SAMs exhibited much better XPS results 
than their L counterparts.  
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QCM results show that our self-assembling technique provide good 
reproducibility of SAM fabrication. The -CD monolayers with longer mercaptyl 
linker (L) possess higher surface concentration upon immobilization on gold surface. 
Moreover, bulky terminal groups greatly affect the formation of SAMs on the gold 
surface. The surface density of the mercaptyl-functionalized -cyclodextrin followed 
the order, Me>Pe>By>Ph>CP>BP>IP>MP>MtP>MdP, which reflects the 
bulkiness of the group and the effect of steric hindrance. 
Furthermore, the thickness of SAMs was measured by SE. The experimental 
results were very close to theoretical calculating data. The good reproducibility of our 
fabricating processes was verified with the relative standard deviation (RSD) of 
fourteen QCM coatings ranging from 2.47% (IP--CDS) to 11.97% (CP--CDS). It 







Gas Phase Chiral Discrimination by 
Chiral Sensors Coated with Mercaptyl 
Perfunctionalized -Cyclodextrins based 
on Quartz Crystal Microbalance 
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3.1  Introduction 
Gas phase chiral discrimination by chiral sensors has attracted much attention 
in the past decades.[180, 272-274] Among chiral sensors, quartz crystal microbalance 
(QCM), as described in Chapter 1, is a newly developed chiral recognition technique. 
Because of its extreme mass sensitivity, fast analysis speed, compactness for potential 
lab-on-a-chip use, high flexibility and low cost, QCM technique has been increasingly 
used in chiral recognition studies[275]. One of the key stages for recognizing chiral 
antipodes using a QCM is to fabricate a chiral receptor surface with binding sites for 
chiral compounds. The fastest and simplest way of building sensing arrangements is 
spraying or spin coating chiral selectors onto the surface of QCM sensors.[250, 276] This 
method is very likely to encounter coating durability and stability problem. In recent 
years, most of the studies were carried out at ordered surfaces such as immobilized 
supramolecular structures[277] ， self-assembled nulecuobase monolayers,[112] and 
calixarene derivatives.[278, 279] Chiral sensors coated with cyclodextrin or its derivatives 
based on a QCM have also been increasingly evaluated in gas phase chiral 
discrimination study.[5] The applicability of cyclodextrins for chiral sensing of gaseous 
species have been well demonstrated,[108, 280] despite the poorer sensing ability at the 
solid-gas interfaces because of drastically weaker hydrophobic effects in the gas 
phase[281].  
Generally, most CD-based CSPs in GC have thousands of ‘plates’ in the 
column on which adsorption/desorption processes take place. The CD monolayers 
fabricated on QCM only have one “theoretical plate”. Hence, the binding affinity of 
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the monolayers reflects the interactions between -CD host molecule and the analyte. 
The interference from the usual supports used in GC is therefore avoided, minimizing 
the nonspecific bindings with chiral analytes. Consequently, the surface arrangement 
in the surface layer can be crucial in achieving optimal discriminatory performance. 
[282]  
In the last chapter, fourteen new chiral sensors based on QCM immobilized 
with mercaptyl functionalized -CDs were successfully prepared. The SAMs obtained 
were studied and verified by various surface-analysis techniques. The variety of the 
substitution moieties introduced to the CD recognition sites makes it possible to 
generate specificity and unique functions compared with the rather limited recognition 
abilities of native CDs.[283] This was shown in our previous study .[168, 169, 249] 
In this chapter, the chiral discriminatory capability of the SAMs was studied 
through the real-time responses of QCM sensors toward selected enantiomeric 
analytes, as a function of the cavity size of the perfunctionalized -CD molecules and 
the monolayer structure. The recognition mechanism for the host-guest reactions was 
investigated as well. The durability, stability and measurement reproducibility of 
these QCM sensors were also examined. Moreover, their ability of determining 
enantiomeric composition was evaluated. Finally, thermodynamic study was 

























Figure 3.1 Plot of the frequency shift (%) over time (week) of the long-term stability of 
two typical chiral coatings  
It was shown previously by our group that the formation of Au-S bond between 
the mercaptyl functionalized -cyclodextrin molecules and gold surface led to much 
longer durability of the enantioselective coatings. To make a cross check, we 
examined the stability of chiral coatings having different lengths of thiol pendants. The 
results are plotted in Figure 3.1. 
The resonant frequencies of freshly prepared QCM sensors with the derivatives 
MP--CDS and MP--CDL (at Week 1) were recorded as zero, and the resonant 
frequencies were measured daily for 20 weeks. The results show that both coatings, 
especially MP--CDL, afforded good stability under nitrogen.  
3.3  Reproducibility of Chiral Discrimination 
In every measurement of the gas phase chiral discrimination, a QCM sensor 
was driven by an oscillator. A sample was injected in to a measurement chamber using 




 0.1 C. The analyte was gasified on a vaporizer (sample pad) which was maintained 
at 40  0.1 C. The vapor of the analyte was then carried by N2 to the chamber and 
subsequently the adsorption of the analyte at the surface of QCM occurred. The 
frequency shift due to the mass change on the surface of the QCM was measured 
using a universal counter and was recorded every second using a computer. Detail 
description of the gas phase measurement can be found in the Chapter 5. 
 
 
Figure 3.2 Plot of frequency change with time of MP--CDL sensor towards 
enantiomeric pair of methyl lactate 
Figure 3.2 shows a typical example of the time-dependent frequency change of 
a QCM sensor, MP--CDL, when exposed to methyl lactate optical isomers. The 
frequency of QCM crystal dropped steeply immediately after analyte was introduced 
into the measuring chamber and then recovered slowly to the zero point. The drop in 
frequencies corresponded to adsorption of analyte and the subsequent recovery 
corresponded to desorption. Some analytes took a long time to desorb due to the 




temperature, were made to accelerate the recovery process before a new measurement 
was taken. For ease of comparison, the response signals of QCM sensors for the R and 
S forms (measured separately) are shown in the same figure. It can be observed from 
Figure 3.2 that the response signals of the QCM are highly reproducible. 
3.4  Analyte Concentration Study 
In order to determine the optimal injection volume/concentration, 
concentration study using limonene was carried out. A series of measurements with 
limonene injection volume varying from 5 to 50 l are shown in Figure 3.3 and 
Figure 3.4 for MP--CDS sensor.  
 
Figure 3.3 The highly non-linear frequency shift isotherms obtained for MP--CDS 
coated sensor with their global fit curves 
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Figure 3.4 A series of chiral separation factor (R/S) of various injection volume of 
limonene by MP--CDS coated sensor 
As can be seen from the graphs, the global fit curves are highly non-linear 
isotherms. As is plotted in Figure 3.3, the isotherms deviate from linearity at at low 
concentrations (< 10 l/66 ml). This finding is different from that reported by Fietzek 
et al (displayed as dot line).[108] One reason may be due to the small concentration of 
vapor generated because of the small injection volume. The R/S values increase 
significantly towards lower concentrations (Figure 3.4), because of the greater 
number of unoccupied sites available in the very low concentration range and 
preferential adsorption in the energetically favored recognition sites of the modified 
cyclodextrin. However, RSD values at low concentration ones are generally large.[108] 
This is attributed to unstable vapor stream as mentioned above. The linear range in 
our system is between 10 and 25 l. The linear factors (R2) of R- and S-limonene are 
0.997 and 0.986, respectively. The RSD value within the range is acceptable. This is 
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contributed by the stable analyte vapor concentration lasting for the whole period of 
the adsorption process. The increment of frequency shift is quite small or even almost 
zero, when the dose is larger than 25 l. This is because active binding sites of 
cyclodextrins are almost fully occupied. Only those sites, which are more difficult for 
analyte molecules to access, are still available. Physical or multiple layer adsorptions 
would occur as the injection volume continues to increase[284]. To avoid this, the 
maximum injection volume in this study was set at 50 l. 
Furthermore, as shown in Figure 3.4, there is a small plateau beside the apex 
point at an injection volume of 25 l. This injection volume is at the upper limit of 
linearity. Accordingly, the injection volume must be higher than 10 l but lower than 
25 l to ensure to obtain reliable and predictable result. In view of this, all subsequent 
work is based on 20 l injection volume. 
3.5  Determination of Enantiomeric Composition/Purity 
In order to determine the resolving power of our sensors and gas phase 
detection system, the chiral sensors were exposed to analytes comprising different 
ratios of enantiomers.[53] A calibration set consisting of 11 different ratios of limonene 




Figure 3.5 A series of sensor signals for limonene (20 l) of different enantiomeric 
composition on MP--CDS.  
The calibration measurements were carried out at 25 C and the raw signal 
data is plotted in Figure 3.5. For the MP--CDS containing sensor, the signal of the 
sensor decreases with increasing S-limonene concentration, and vice versa for 
R-limonene. This indicates a preferential sorption of R-analyte into the MP--CDS 
monolayer. It  is therefore possible to determine the enantiomeric composition from 




Figure 3.6 Standard calibration curve with testing mixtures (M) ( ) for limonene on 
MP--CDS monolayer at 25 C. M1, 85/15; M2, 55/45; M3, 15/85. 
A standard calibration curve for limonene on MP--CDS micro array is shown 
in Figure 3.6. The linear factor, 0.987, is quite satisfactory. Three testing mixture 
(R/S limonene) were prepared with a known enantiomeric composition, which were 
85/15 (M1), 55/45 (M2) and 15/85 (M3), respectively. In Figure 3.6, it is 
demonstrated that the experimental values fit well with the calibration curve and the 
errors are below 1.8%. Thereby, the quantitative prediction of the enantiomeric 
composition of a given compound by means of our QCM sensors is verified. 
3.6  Gas Phase Chiral Discrimination toward Selected Enantiomers 
It has been shown that cyclodextrins are able to form diastereoisomeric 
complexes with chiral guests in the gas phase.[183, 250, 276] When this complex is of a 
higher stability for one guest enantiomer, chiral discrimination occurs.[5] The 
difference in stability between the transient diastereomeric complexes will define the 
efficiency of this chiral discrimination process.[149]  
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The gaseous phase pulse-measuring system displayed in Figure 5.2 of Chapter 
5 was designed and constructed. This set-up enabled us to investigate the chiral 
discrimination of enantiomers at the mercaptyl functionalized -CD monolayers. The 
chiral compounds as shown in Table 3.1 were selected as the guest analyte pairs of 
gas phase chiral discrimination. The boiling points of the five pairs of analytes are 
different suggesting that the corresponding vapor concentrations of respective 
analytes may vary. Nevertheless, this dissimilarity should not affect the comparison 
between the mercaptyl functionalized -CD monolayers’ responses towards the R- 
and S- forms of the same analyte pairs.  
For clear illustration and easy comparison, the gas phase chiral discrimination 
study is divided into three parts. The first part is the study of chiral sensor response 
and separation by dedicated sensors (MP--CD). The second part is the real time 
chiral recognition by enantiomeric sensing arrays with different molecular sizes to 
mainly investigate the influence of cavity size. The third part is the chiral 
discrimination by selectors with different substituent on phenyl groups to reveal the 








Table 3.1 The structures of enantiomeric analytes for QCM measurements in gaseous 
phase 
 
Chemical MW bp (°C) Configuration Structure 
(+)-Methyl 
D-lactate 104.1 144-145 D/R(+)-d 
H3C OCH3
O
H OH  
(-)-Methyl 
L-lactate 104.1 144-145 L/S(-)-l 
H3C OCH3
O
H OH  
(+)-Ethyl 
D-lactate 118.13 150-153 D/R(+)-d 
H3C OCH2CH3
O
H OH  
(-)-Ethyl  
L-lactate 118.13 154 L/S(-)-l 
H3C OCH2CH3
O
H OH  
R(-)-2-Butanol 74.12 97-100 R(-)-l H3C
CH3
H OH  
S(+)-2-Butanol 74.12 99-100 S(+)-d H3C
CH3
H OH  
R(-)-2-Octanol 130.23 175 R(-)-l 
H3C(H2C)4H2C CH3
HO H
S(+)-2-Octanol 130.23 175 S(+)-d 
H3C(H2C)4H2C CH3
HO H
3.6.1   Sensor responses and chiral discrimination by MP--CD 
3.6.1.1  Sensor responses and explanation 
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Figure 3.7 Plot of frequency change with time of (1) MP--CDS and (2) MP--CDL 
sensors towards enantiomeric pairs: (a) methyl lactate, (b) ethyl lactate, (c) 2-butanol 






Figure 3.7 shows that the QCM sensors display similar responses upon 
exposure to the enantiomer pairs while differs in the extent of frequency changes. The 
binding affinity of the -CD monolayer for the two analytes is stereo-dependent,[149] 
with the R forms being preferred, as can be seen from the higher frequency shift 
obtained for the R form. Moreover, the response of β-CD sensors to each pair of 
enantiomers is different. 
 
Figure 3.8 Plot of responses (frequency shift and recovery time t95*) of MP--CDS 
and MP--CDL sensors upon exposure to enantiomeric pairs: (a) methyl lactate, (b) 
ethyl lactate, (c) 2-butanol, and (d) 2-octanol 
* Time required for 95% frequency shift recovery upon exposure to R form enantiomer 
The MP--CDS and MP--CDL sensors’ response upon exposure to four pairs 
of enantiomers are summarized in Figure 3.8 and Table 3.2. MP--CDL affords more 
frequency shift than MP--CDS does towards all enantiomeric pairs. This is due to the 
increased surface concentration of inclusion/complexation sites available at the surface 
monolayer of L-type monolayers. It can be concluded that the QCM sensors coated 
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with -CD monolayers with a long thiol linker are more sensitive than their short 
thiolated counterparts.[168, 169]   
Table 3.2 Average values& of frequency shift, time for reaching apex point and time 
for recovery of MP--CDS and MP--CDL exposure to four pairs of enantiomers 
Sensor MP--CDS MP--CDL 
Analyte Frequency shift (Hz)% 
Recovery
(t95, s) *
Time to reach 





Time to reach 
apex (ta, s) 
methyl 
lactate 98 89 69 133 211 103 
ethyl 
lactate 131 608 34 181 902 44 
2-butanol 70 131 18 92 177 16 
2-octanol 100 1228 2367 123 1358 2963 
&The mean value of at least five time trials; % the frequency shift of R form stereoisomer; * time required for 95% frequency shift 
recovery upon exposure to R form enantiomer; # time required for reaching the maximum adsorption point of frequency response 
The time for reaching apex point (ta) of these two sensors towards the four 
pairs of enantiomers is shown in Table 3.2. 2-butanol has the smallest molecular size. 
It is very easy for it to go through the CD which leads to limited interaction (Figure 3.9). 
Besides the minimum size, it has the lowest boiling point (97-100 °C) as well. 
Consequentially, 2-butanol is rapidly evaporated, shortly reaches its maximum 
adsorption on the monolayers. Since methyl lactate has a relative higher boiling point 
(144-145 °C) than 2-butanol, it takes a few more second to reach the maximum 
adsorption point. Due to its slightly bigger size, methyl lactate has stronger 
intermolecular interactions, or said “resistance”. Ethyl lactate has the optimal size to 
secure sufficient host-guest interactions to be retained in CD within a shorter period 
than methyl lactate. As to 2-octanol, it has the highest boiling point (175 °C) which 
makes it even harder to be evaporated. As a result, it takes the longest time to achieve 
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the apex point. The molecule is too large and stiff to fit into the modified CD cavity. The 
frequency response to 2-octanol is zigzag in nature (Figure 3.7, 1d & 2d). This 
indicates that 2-octanol must overcome lots of encumbrance before it reaches the inner 
CD cavity. In other words, it interacts more with the outer binding site of CD cavity. 
These interactions may be hydrogen bonding, dispersion and hydrophobic interaction 
in nature.  
 
 
Figure 3.9 Schematic view of inclusion complexation process of 4 pairs of 
enantiomers by MP--CDS and MP--CDL 
It is also observed that recovery time (t95) of the 4 pairs of enantiomers follows 
the sequence: 2-octanol > ethyl lactate > methyl lactate ~ 2-butanol. This is mainly 
attributed to the molecular size of analytes. 2-octanol has a larger volume than the other 
three, which leads to more intense steric interaction (key-lock principle) and other 
intermolecular interactions. This means it is more difficult for the trapped molecules to 
desorb from the CD cavity. In contrast, 2-butanol has the smallest size and therefore the 
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weakest host-guest interaction. As a result, 2-butanol shows the shortest recovery time 
during desorption process. This observation agrees with Armstrong and his coworkers’ 
finding that the size of analytes affects the retention time on CD based GC chiral 
stationary phases.[149]  
In addition, the sensor MP--CDL with a longer mercaptyl linker (L) exhibits 
longer recovery time than its S counterpart.  This can be assigned to the higher surface 
coverage of L-type sensors. Denser packing induces stronger interactions including 
inclusion complexation. Consequently, desorption of analytes from monolayers with a 
longer thiol linker (L) will be slower than the S ones. Hence, the recovery time (t95) of L 
moieties is longer than S species.  
3.6.1.2  Chiral recognition of MP--CDs 
 
Figure 3.10 Chiral discrimination factors in gas phase by MP--CDS and MP--CDL 
towards four pairs of enantiomers: methyl lactate, ethyl lactate, 2-butanol, and 
2-octanol 
For the four pairs of optical isomers shown in Figure 3.10, MP--CDL 
depicts better chiral recognizing ability than MP--CDS.  From Chapter 2, it was 
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demonstrated that MP--CDL (2.99×1011 mol/cm2) has a higher surface coverage () 
than MP--CDS (2.32×1011 mol/cm2) hence providing more active binding sites. 
These extra active sites were generally involved in the host-guest interactions during 
the inclusion complexation process and thus led to a higher degree of chiral 
discrimination. 
The MP--CDs shows the best selectivity towards methyl lactate among the 
four pairs of stereo isomers (Figure 3.10), as measured by the chiral discrimination 
factors, R/S, which are about 18.7% (MP--CDL) and 10% (MP--CDS) higher than 
those of ethyl lactate. To explain this observation, the nature of the various 
interactions between the CD and the enantiomers which is one of the determining 
factors of chiral discrimination must be considered. This includes non-covalent 
interactions such as inter alia inclusion, hydrogen boding, electrostatic interaction, 
van der Waals interaction and dipole-dipole interaction.[149] For example, MP--CDL 
exhibits the non-covalent interactions such as hydrogen bonding, hydrophobic 
interaction, electrostatic interaction, and van der Waals interaction, mainly because of 
the presence of methoxyl (CH3O-), phenyl ( ), secondary amine (-NH-), and 
carboxyl (-COO-) groups in the 4-methoxyphenylcarbamate groups. As shown in 
Figure 3.9, the size of methyl lactate is big enough to ensure sufficient molecular 
interactions, especially hydrogen bonding, though it is a bit smaller than ethyl lactate. 
As compared to other molecular interactions, hydrogen bonding has a longer 









range (1/d3, d denotes range), and dipole-induced dipole and van der Waals force are 
effective only within a very short distance (1/d6).[142] 
Figure 3.11 shows the possible recognition process in our systems. Both 
(+)-methyl D-lactate and (-)-methyl L-lactate interact with the MP--CD in a number 
of ways, including VDW, hydrophobic and dipole-dipole interactions (Table 3.3). 
However, there is a significant difference in the interaction between the hydroxyl 
groups (OH) of the two enantiomers with the methoxyl group (CH3O-) of MP--CD.  
    
    
Figure 3.11 Schematic view of the complexation and interactions between methyl 
lactate and MP--CD. (Left) (+)-methyl D-lactate; (right) (-)-methyl L-lactate. Oxygen, 
nitrogen, carbon and hydrogen atoms are dark gray, black, gray and white in colour, 
respectively.  
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While (+)-methyl D-lactate interacts with the hydroxyl group of the methoxyl 
group at the external binding sites through short and “strong” hydrogen bonding, 
(-)-methyl L-lactate only has longer but weaker hydrogen bonding.[286] This is 
probably because of the orientation of the hydroxyl groups and the distance between 
the two groups. It is known that hydrogen bonding plays a crucial role in the 
stabilization of the inclusion complexes when a guest molecule has an alcohol 
group.[182] Consequently, the diastereomeric complex with (+)-methyl D-lactate is far 
more stable. The methoxyl group (CH3O-), a hydrogen acceptor, which is located at 
the external binding sites, plays a significant role in improving the chiral recognition.  
Because of its size, ethyl lactate interacts with chiral selectors stronger than 
methyl lactate by more van der Waals force and/or dipole-induced dipole interaction. 
The two stereoisomeric complexes formed transiently between ethyl lactate ligands 
and the CDs are more stable compared to those of methyl lactate. Although the 
enhancement of van der Waals attractions may result in the increase in the binding 
affinity of -CD monolayers for a specific chiral guest, it does not necessarily lead to 
a better chiral discrimination[169]. In contrast, only effective cooperative weak 
interactions between the -CDs and guests result in an improved chiral discrimination. 
Stronger van der Waals interactions depress the contribution of hydrogen bonding 
which is favored by chiral discrimination in the ethyl lactate system. A lower chiral 
selectivity is obtained in the ethyl lactate system compared the methyl lactate. 
The scheme shown in Figure 3.11 is a simplified model. To get a more 
comprehensive understanding, the following two points should be considered. The 
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binding sites involved in the interactions with the same guest molecule can originate 
from more than two substitution sites of perfunctionalized -CDs. One arm of the 
asymmetric carbon atom of guest molecule may have more than one interaction with 
the host as well. Nevertheless, these only increase the host-guest binding energy, not 
the discriminating efficiency.[142] This is the main reason for the well-cooperative 
weak interactions to dominate over the simultaneous interactions for chiral 
discrimination. This step is favored thermodynamically so the optimum interactions 
between hosts and guests can be achieved by forming relatively stable 
diastereoisomeric complexes.[142, 171] Moreover, the ordered arrangement of the -CD 
monolayers at the surface of QCM sensor also renders it to react sensitively toward 
the size change in the analyte molecules. The size-sensitive reactions of the QCM 
sensors toward methyl lactate and ethyl lactate lead to different chiral discrimination 
performances. This is different to the results obtained by a chiral amide coated QCM 
sensor which showed the same discrimination ability towards methyl and ethyl 
lactates reported previously.[285] 
It is therefore easy to understand why the 2-butanol ligands depict a lower chiral 
discrimination factor than methyl lactate because the size is too small to ensure 
sufficiently intense molecular interactions for the formation of stable transient 
complexes. As revealed in Figure 3.9 and mentioned in Section 3.6.1.1, the 2-octanol 
ligands have the bulkiest molecular size amongst the four pairs of enantiomers. As 
pointed out by Alain Berthod, steric hindrances are contributed by the intrinsic room 
needed per atom or group of atoms.[142]  The steric interactions which are repulsive in 
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nature and very effective at a very short range counteract the other attractive forces. The 
discrimination factors of 2-octanol ligands are therefore smaller than the rest (see Table 
3.4). 
Table 3.4 Discrimination factors and their determining forces of MP--CDS and 
MP--CDL exposure to four pairs of enantiomers 
Analyte Determining forces 
Discrimination factor 
MP--CDS MP--CDL
methyl lactate hydrogen bond, dipole-dipole 1.311 1.492 
ethyl lactate hydrogen bond, dipole-dipole, van der Waals 1.192 1.257 
2-butanol hydrogen bond 1.186 1.296 
2-octanol hydrogen bond, dipole-dipole, van der Waals, steric hindrance 1.162 1.230 
3.6.2   Chiral discrimination by chiral selectors with distinct cavity sizes  
 
Figure 3.12 Gas phase chiral discrimination factors of ten chiral sensors towards three 
pairs of enantiomers: 2-octanol, methyl lactate, and ethyl lactate. 
In order to obtain a more comprehensive understanding of chiral 
discrimination in the gas phase, the performance of ten chiral sensors with distinct 
 
Me:  methyl 
Pe:  n-pentyl  
By:  benzoyl 
Ph:  phenyl carbamoyl 
MP: (4-methoxyphenyl) 
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cavity sizes evaluated by three enantiomeric are compared in Figure 3.12. As shown 
in the figure, the GC data is only used for comparison only here and a full evaluation 
is required for matching the GC data with gas phase chiral discrimination factors. It is 
found that all sensors depict higher  value than GC equipped with chiral columns[285] 
towards the same enantiomeric pairs. This is due to two reasons. Unlike most chiral 
GC, which usually operates at high temperatures ranging from 30-120 ºC, the chiral 
sensors reported here are designed to operate at 25 ºC.  Another possible reason is 
that the orderly structures of monolayers (shown in Figure 2.11) facilitate the guest 
molecules to enter into the CD cavity through the secondary rim, hence increasing the 
degree of binding of the guest molecules inside the CDs.[287]  
It can be observed from Figure 3.12 that all L-type sensors display better chiral 
discriminating ability than their S-type counterparts. As explained in Section 3.6.1.2, 
L-type sensors had higher surface concentrations () than S-types (shown in 2.2.1). 
Higher surface concentration ensures more specific bindings between CD cavities and 
guest molecules. 
However, for different chiral selectors, higher surface concentration does not 
necessarily lead to a better selectivity. It was discussed in Chapter 2 that the surface 
density () of the mercaptyl-functionalized -cyclodextrin followed the order, 
Me>Pe>By>Ph>MP, which reflected the bulkiness of the group and the effect of 
steric hindrance. Figure 3.12 shows that Me--CDs has the worst chiral 
discriminating ability even though it has the highest surface concentration while 
MP--CDs with the lowest surface density perform the best. Both L- and S-type 
 88
MP--CDXs (X=S & L) show significantly enhanced enantioselectivities as 
compared to the rest.  In order to explain this observation, the chemical structure of 
the chiral selectors must also be considered. The chemical structure plays a critical 
role in the interactions between the host (-CDs) and the guest (chiral analytes), and 
also the corresponding chiral discrimination.[149] There are two important factors to 
consider: (i) proper cavity sizes of -CDs to match with guest molecules and (ii) the 
proper coordinated interactions between the -CDs and the guest molecules, which 
was discussed in Section 3.6.1.2. 
According to the “Lock-and-Key” mechanism initially proposed by Emil 
Fischer[288], the size, shape, and polarity of the host and guest molecules are the most 
critical factors influencing the stability of the inclusion complex[289] .The cavity size 
of native -CD ranges from 0.60 to 0.65 nm and it matches well with biphenyl or 
naphthalin groups[154, 290] but not methyl lactate (Figure 3.13).  
        
Figure 3.13  The -cyclodextrin complexes with naphthalene (left) and the 
-cyclodextrin complexes with (+)-methyl D-lactate (right). Oxygen, carbon and 
hydrogen atoms are black, gray and white in colour, respectively. 
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Perfunctionalization of -CD with phenylcarbamate (Ph--CD) and 
(4-methoxyphenyl) carbamate group (MP--CD) results in the reduction of cavity 
size and a more rigid host structure, as compared to Me--CDs and Pe--CDs. This 
leads to preferential binding of small molecules. Both van der Waals and Columbic 
forces contribute significantly to the stabilization of the inclusion complexes when a 
guest molecule contains an alcohol group, with the van der Waals forces being more 
dominant.[184]  Therefore, the much smaller cavities of Ph--CDs and MP--CDs in 
comparison with those of Me--CDs and Pe--CDs lead to considerably stronger but 
not excess van der Waals interactions with the included guest molecule (e.g. methyl 
lactate). This results in higher chiral discriminating factors of Ph--CDs and 
MP--CDs.  
Multiple recognition processes are exhibited by the CDs in the gas phase. 
Cavity size or shape-fitting is only one of the factors in chiral discrimination. The 
other factor is the nature of the various interactions between the CD and the 
enantiomers. As discussed in Section 3.6.1.2, the hydrogen acceptor, methoxyl group 
(CH3O-), plays a critical role in enhancing the chiral recognition when guest 
molecules (methyl lactate, ethyl lactate and 2-octanol) have an alcohol group. This 
explains why the MP--CDs exhibit significantly improved discrimination as 
compared to By--CDs and Ph--CDs.  
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3.6.3  Chiral discrimination by similar sizes of chiral selectors with different 
substituent on phenyl groups 
 
Figure 3.14 Chiral discrimination factors of the chiral sensors with different 
substituent on phenyl groups for the three enantiomers: 2-octanol, methyl lactate, and 
ethyl lactate. 
In order to further understand the influence on chiral discrimination by 
functional groups on CD torus, a series of chiral selectors with different substituents 
such as p-chlorol (Cl), p-bromo (Br), p-iodo (I), p-methoxyl (CH3O-), p-methylthio 
(CH3S-) and p,m-methylenedioxy ( ) on the phenyl ring of the carbamates were 
synthesised and their gas phase chiral discrimination study was conducted.  
Figure 3.14 shows that all chiral sensors depict distinct selectivities towards 
the three enantiomeric pairs. In general, the L type chiral selectors exhibit superior 
selectivity than their S type counter-parts. This is consistent with the finding in the 
previous section.  
We have shown in Chapter 2 that the surface concentration () of the 
mercaptyl-functionalized -cyclodextrins follows the order, CP>BP>IP>MP> 
MP: (4-methoxyphenyl) 
carbamoyl   
CP: (4-chlorophenyl) car-










MtP>MdP, which reflects the bulkiness of the group and the effect of steric 
hindrance. However, the chiral discriminating ability sequence is of the order, 
MP>CP~MdP>BP>IP>MtP. Although CP--CDs have the highest surface coverage, 
they do not possess the best selecting ability. On the other hand, MdP--CDs with the 
lowest surface density is almost as good as CP--CDs. This confirms that chiral 
discrimination is a complex process controlled by a combination of factors.  
For the CP, BP, IP, and MtP sensors, their discriminating ability accorded 
with the order of surface density, CP>BP>IP>MtP. These four sensors have very 
similar chemical structures. When exposed to enantiomers, the frequency shifts of 
these four types of sensors decrease in the same order. For instance, when exposed to 
methyl lactate, fR of CP--CDS was 102 Hz, fR of BP--CDS was 96 Hz, fR of 
IP--CDS was 90 Hz, and fR of MtP--CDS dropped to 64 Hz （Table 3.5）. As 
elucidated in Section 3.6.2, MP--CDs interacted with the R form methyl lactate 
through several interactions including hydrogen bonding involving the methoxyl 
group, which resulted in their high selectivity. Besides other interactions (e.g. 
dipole-dipole, hydrophobic interaction), CP, BP, IP and MtP would form weaker 
hydrogen bonding[291] with methyl lactate, which leads to poorer performance.  
However, CP-, BP- and IP--CDs performed slightly better than Ph--CDs. 
MtP--CDs performed the worst because the methylthio (CH3S-) group is more bulky 
than CP, BP, and IP.  The methylthio group exhibits a high degree of steric 
hindrance and seriously impedes the guest molecules from entering into the CD cavity. 
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This is supported by the much lower frequency shift of MtP--CDs upon exposure to 
enantiomers.      
MP is the best performer among the 6 chiral sensor pairs. MP moieties have a 
similar CD cavity size to CP-, BP-, and IP--CDs to exercise similar “shape-fitting” 
host-guest interaction (or called inclusion complexation).  Nevertheless, MP displays 
far better selectivity than the other three sensors towards the stereo isomers. This is 
because, as described in the previous section, the methoxyl group (CH3O-) is capable 
of strong hydrogen bonding which is much weaker in the case of Cl, Br and I groups. 
MdP has almost the same performance as CP and superior to BP, IP and MtP 
although it has a lower surface coverage. The p,m-methylenedioxy ( ) group is 
capable of hydrogen bonding interaction, similar to the methoxyl group (CH3O-) 
discussed previously. Moreover, the hydrogen bonding is strong enough to 











Table 3.5 The chiral discrimination factor (R/S) of QCM sensors with different 
functional groups in gas phase 
Monolayers 
Methyl lactate Ethyl lactate 2-Octanol 
f (Hz)1 R/S2 f (Hz) R/S f (Hz) R/S 
MP--CDS 98/75 1.311 131/110 1.192 100/86 1.162 
MP--CDL 133/89 1.492 181/144 1.257 123/100 1.230 
CP--CDS 102/85 1.200 151/129 1.167 120/104 1.149 
CP--CDL 133/101 1.317 213/176 1.210 163/135 1.209 
BP--CDS 96/82 1.171 135/117 1.150 110/100 1.099 
BP--CDL 113/94 1.202 195/168 1.160 121/109 1.112 
IP--CDS 90/81 1.111 121/110 1.099 97/92 1.056 
IP--CDL 105/91 1.154 161/146 1.105 119/108 1.106 
MtP--CDS 64/60 1.067 99/94 1.055 64/61 1.049 
MtP--CDL 78/70 1.114 109/100 1.089 81/75 1.080 
MdP--CDS 79/65 1.215 104/90 1.160 71/60 1.175 
MdP--CDL 90/70 1.286 120/100 1.201 85/69 1.232 
1The average maximum frequency shift (fR /fS) of 6 times of measurements; 2the mean chiral discrimination 
factor; 
3.7  Thermodynamic Study of Chiral Discrimination in Gas Phase 
3.7.1  Thermodynamic of enantiomeric recognition 
It is known that the inclusion complexation between CDs and guests is a 
thermodynamically controlled process. The complex stability constant can be 
evaluated and the reaction entropy and enthalpy for the complexation of enantiomeric 
pairs with CDs can also be determined in the thermodynamic studies of this 
process.[292] 
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In discussing the thermodynamic for chiral recognition, the exchange 
equilibrium between the R- and S-enantiomers on -CD monolayers can be 
represented by the following [292]: 
CD S R CD R S     (3-1) 
As reported by D. W. Armstrong et al.[149], the Gibbs-Helmholtz relation can be 
applied to the above equilibrium in the gas phase:  
0 0 0
/ / /( ) ( ) ( )R S R S R SG T S H        (3-2) 
Where 
R/S(G0) is the Gibbs free energy difference between R- and S-enantiomer or called 
the enantioselective Gibbs free energy in short, 
R/S(H0) is the enantioselective enthalpy, 
R/S(S0) is the enantioselcetive entropy, and 
T is the absolute temperature. 
Considering the association between an enantiomeric pair and the host CD and to a 
first approximation, the difference in the Gibbs free energy, R/S(G0), can be estimated 
by   
0
/ /( )R S R SG RT n      (3-3) 
where 
R/S is the chiral discrimination factor, 
T is the absolute temperature, and 
R is the universal gas constant (8.314 J/molK).  
Expressing the Gibbs free energy using the entropy and enthalpy changes, the chiral 
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       (3-4) 
The corresponding -R/S(H0) and R/S(S0) values can be determined by measuring 
the R/S values of the same pair of enantiomers at different temperatures and plotting 
lnR/S versus 1/T.[149] A straight line should be obtained if R/S(H0) is a constant within 
the examining temperature range. 
QCM measurements of the R/S values at different temperatures were 
performed to obtain the enthalpy difference, R/S(H0), between the S-enantiomer and 
the R-enantiomer of a certain analyte absorbed on the same chiral sensor.  The 
temperature range selected was from 288.15 (15 C) K to 313.15 K (40 C).  
 
    
     
Figure 3.15 Plot of ln R/S vs (1/T)×103 between 288.15 K (15 C) and 313.15 K (40 C) 







In Figure 3.15, the plots of lnR/S vs (1/T)×103 are displayed for four pair of 
enantiomers using two sensors, MP--CDS and MP--CDL. The linear factors of 
these curves are all larger than 0.990. As observed from the figure, the enantiomeric 
discrimination capability of the arrays increases as decreasing temperature. This is 
one of the causes of the enhanced chiral discrimination of the monolayers in 
comparison with the results achieved by GC on the same chiral selector, which is 
usually operated at the elevated temperature, for instance, 80 C. Accordingly, the 
enantioselective enthalpy R/S(H0) and entropy R/S(S0) of respective chiral 
recognition process at the monolayers were extracted from the slope and the intercept 
of these linear curves and are summarized in Table 3.6. For comparison, the R/S(H0) 
and R/S(S0) of the rest of selected -CD monolayers and those results obtained from 












Table 3.6 Differences of enantioselective enthalpies R/S(H0) and entropies R/S(S0) 
for the complexation of analytes with modified -CD arrays 
Sensors Methyl lactate Ethyl Lactate 2-Octanol 2-Butanol
Me--CDS 
-R/S(H0) 
(KJ/mol) 1.762 2.221 2.134 - 
-R/S(S0) 
(J/mol) 5.031 6.522 6.263 - 
Me--CDL 
-R/S(H0) 
(KJ/mol) 2.340 2.632 1.991 - 
-R/S(S0) 
(J/mol) 6.852 7.981 5.861 - 
By--CDS 
-R/S(H0) 
(KJ/mol) 2.162 2.574 2.422 - 
-R/S(S0) 
(J/mol) 6.182 7.585 7.233 - 
By--CDL 
-R/S(H0) 
(KJ/mol) 2.721 3.322 2.992 - 
-R/S(S0) 
(J/mol) 7.761 9.941 8.992 - 
Ph--CDS 
-R/S(H0) 
(KJ/mol) 2.081 2.362 2.161 1.502 
-R/S(S0) 
(J/mol) 6.002 6.983 6.324 4.475 
Ph--CDL 
-R/S(H0) 
(KJ/mol) 2.663 2.473 2.532 1.633 
-R/S(S0) 
(J/mol) 7.792 7.254 7.343 4.685 
MP--CDS 
-R/S(H0) 
(KJ/mol) 2.692 2.895 2.743 2.095 
-R/S(S0) 
(J/mol) 6.778 8.250 7.952 5.608 
MP--CDL 
-R/S(H0) 
(KJ/mol) 3.120 3.323 3.089 2.503 
-R/S(S0) 
(J/mol) 7.138 9.244 8.639 6.239 
 
It can be observed that, both thermodynamic parameters of all sensors are 
negative, R/S(H0)<0, R/S(S0)<0, suggesting a predominantly enthalpy-driven chiral 
discrimination process on modified CD arrays.[293] It is apparent that L-type sensors 
show a higher enantioselective enthalpy R/S(H0) and entropy R/S(S0) compared to 
S-type sensor. This is corresponding to higher frequency shifts of L–type sensor as 
discussed in the previous part of this chapter. It can be concluded that higher 
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frequency shift results in higher value of enantioselective enthalpy R/S(H0) and 
entropy R/S(S0). More importantly, higher -R/S(G0) value indicates better chiral 
discrimination ability. For instance, the Ph--CDS sensor has better chiral 
discrimination ability towards ethyl lactate than the Me--CDS, which is supported by 
the -R/S(G0) value increasing from 276.5 J/mol in ethyl lactate/Me--CDS system to 
280.0 J/mol in ethyl lactate/Ph--CDS at 298.15 K. In ethyl lactate/MP--CDS 
system, better cooperation of van der Waals attraction, dipole-dipole, hydrophobic 
interaction and hydrogen bonding in the inclusion complexation is resulted as 
discussed in the previous sections. The -R/S(G0) is calculated to be 435.3 J/mol and 
therefore better chiral discrimination has been achieved. 
3.7.2  Enthalpy-entropy compensation of chiral recognition 
Enthalpy-entropy compensation (EEC) studies are widely used in chiral 
discrimination studies to understand recognition mechanisms from a thermodynamic 
point of view.[142, 185, 276, 294, 295]  
 
Figure 3.16 Enthalpy-entropy compensation plot for the inclusion complexation of 










In order to explore the possible empirical thermodynamic relationship of 
self-assembled -CD monolayers and analytes in the gas phase, R/S(H0) was plotted 
against TR/S(S0) as shown in Figure 3.16 employing the data in Table 3.6. A linear 
relationship was obtained (R2 = 0.873). A general compensatory relationship between 
the R/S(H0) and R/S(S0) is observed.  The negative change in TR/S(S0) cancels 
part of the enantioselective enthalpy gain from host-guest interactions. Based on Figure 
3.16,  the two terms are similar, resulting in only small gain in R/S(G0), which 
corresponding to a small increase in the chiral discrimination, R/S. The intercept 
-TR/S(S0) is 0.15 kJ/mol, compared to 0.4 kJ/mol reported for the complexation of 
enantiomeric analytes by -CD in solution.[292]. However, the slope of the curve,, is 
only 0.78, suggesting that there is a certain fraction of the enantioselective enthalpy 
gain (-R/S(H0)) contributing to the total gain in the chiral discriminatory free energy 
(-R/S(G0)) after canceling the enantioselective entropy loss. This accounts for the 
excellent chiral discriminating ability of MP--CD. 
It is clear by now that the chiral recognition is related to -R/S(G0) and the 
enantioselectivity is enthalpy dominated at the temperature range from 288.15 to 
313.15 K. It should also be emphasized that chiral recognition is am extremely 
complex process and the following factors must be considered simultaneously for a 
better understanding of the structure-performance relationship. 
i)  Strong attractive host-guest interaction, e.g., inclusion complexation, induces 
higher frequency shift; repulsive interaction, e.g., steric hindrance, reduces 
frequency shift. 
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ii)  Generally, for the same type of monolayer and enantiomeric pair, higher 
frequency shift leads to larger differential enantioselective enthalpy and 
entropy. For most of cases, L-type sensors show larger R/S(H0) and R/S(S0) 
than S -type sensors. 
iii)  However, stronger interaction does not necessarily lead to better chiral 
discrimination. From a thermodynamic point of view, larger values of R/S(H0) 
and R/S(S0) do not necessarily mean higher value of -R/S(G0). There is 
always a compensatory relationship between enantioselective enthalpy and 
entropy.  
iv)  Effective cooperative weak interactions, such as van der Waals and hydrogen 
bonding, dominate over the other interactions for chiral discrimination. 
3.8  Summary 
This chapter demonstrates the applicability of the self-assembled 
perfunctionalized -CD monolayers as enatioselective materials for QCM-based chiral 
sensors in the gas phase using our designed QCM measurement system. Two sets of gas 
phase chiral discrimination study were carried out. The chiral selectors of one set are 
functionalized -CDs with different cavity sizes.  The selectors of the other set are 
phenylcarbamoyl -CDs with different substituents on the phenyl groups. Enhanced 
chiral discrimination has been achieved on most of these QCM sensors in comparison 
with the reported GC separation results owing to the ordered arrangement in the 
monolayers and low operating temperatures. Among the candidates, MP--CD arrays 
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performs the best.  In addition, the excellent long-term stability of the chiral coating 
against environment has been validated. The determination ability of composition of 




Figure 3.17 General schematic view of the chiral recognition process by 
functionalized -CD monolayers 
It has also been shown that the self-assembly of the perfunctionalized -CDs 
on QCM is an efficient tool for the study of gas phase host-guest interactions. Though 
our knowledge of gas phase chiral discrimination by functionalized -CD SAMs is 
still far from comprehensive, it is reasonable to highlight the correlations which have 
been established by this study (see Figure 3.17). 
i)   Generally, the functionalized -CDs with a long sulfide pendant are found to 
exhibit better chiral discrimination ability than those with shorter pandants.  
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ii)  The cavity size of the perfunctionalized -CD (lock and key principle) and the 
monolayer structure (extensive three-point rule) play an important role in the 
host-guest interactions which lead to chiral discrimination. Small guest 
molecules bind stronger to the perfunctionalized -CD with small cavity 
through weak interactions.  
iii)  Although the enhancement of van der Waals attractions or hydrogen bonding 
may result in an increase in the binding affinity of -CD monolayers towards a 
specific chiral guest, it does not necessarily lead to a better chiral discrimination 
but the recovery time is increased. In contrast, only effective cooperative weak 
interactions, which depend on the chemical structures of the -CDs and analytes, 
are responsible for improved chiral discrimination.  
iv)  Thermodynamic study enhances our understanding of chiral recognition 
mechanism, since inclusion complexation is a thermodynamic process. There is 
at least a partially compensatory relationship of enantioselective enthalpy and 
entropy. However, the deviation from ideal EEC seems to be amplified when 
improved chiral discrimination is achieved. 
v)  This study offers a robust strategy to engineer a series of new chiral sensors 
applicable for real-time recognition and analysis of alcohols and lactates in the 
gas phase. Although we foucused on the hydroxylated compounds, it is very 
likely to use our technique to study other compounds (e.g. alkenes) as well 







Liquid Phase Chiral Discrimination by 
Chiral Sensors Coated with Mercaptyl 
Perfunctionalized -Cyclodextrins based 
on Quartz Crystal Microbalance 
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4.1  Introduction 
Chiral recognition is an essential process in biological systems. In these living 
systems, as mentioned in Chapter 1, chirality usually controls the behavior of chiral 
drugs, e.g. activity, potency, toxicity.  Continuing efforts have been devoted to design 
and synthesize chiral receptors for enantioselective recognition in liquid media found 
in biological systems. In recent years, a series of chiral artificial receptors have been 
created for chiral discrimination in the liquid phase, such as cyclopeptides 
derivatives,[296, 297] chiral macrocyles,[298-300] chiral crown ethers[301, 302] and chiral 
molecular tweezers containing imidazoliums[303-306]. Cyclodextrins derivatives have 
attracted great attention due to their capability of including a wide range of molecules 
into their hydrophobic cavities via non-covalent interactions and, more importantly, 
their recognition ability.  A variety of cyclodextrin derivatives have been synthesized 
and employed as excellent selectors for a very broad scope of compounds in the liquid 
phase.[5, 167, 307-310]   
It has been established that the QCM could be implemented for liquid phase 
since the early work at the beginning of 80’s [311]. To date, the use of the crystal 
resonator has been expanded to numerous applications in different fields like 
electrochemistry and biology.[54, 103, 121, 125, 192, 275, 312-314] Especially, QCM is a very 
powerful tool and frequently used for studying adsorption/desorption and chiral 
recognition process in liquid media.[107, 204, 275] As suggested by Toshimasa in 2008[204], 
it would be feasible to use QCM technique which is a simple, rapid and low cost 
method to select appropriate chiral stationary phases for HPLC. With these interests, 
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it is only natural for us to extend our research to liquid phase chiral discrimination 
using QCM immobilized with functionalized -CD monolayers. 
To achieve good chiral recognition in liquid phase, the formation of 
diastereomeric complexes exhibiting different physical properties is necessary.[315, 316] 
Direct evidence was obtained in our previous study on the inclusion of mandelic acid 
(MA) and proglumide (PGD) molecules by Me--CDS monolayer on gold surface by 
TOF-SIMS.[249] The number of water crystals residing inside the permethyl--CD 
cavity was determined to be seven. As suggested by C. B. Lebrilla, when functionalized 
-CD monolayers contact with the analyte solution, the inclusion complexation process 
can be expressed by:  
2 2• ( ) ( )CD nH O Guest solution CD Guest nH O solution                 (4-1) 
We have previously studied QCM chiral sensors immobilized with 
self-assembled perfunctionalized -CDs which were modified with methyl, n-pentyl, 
and benzoyl groups.[249] These chiral sensors were used to detect enantiomeric 
compounds in aqueous solution in both the static and dynamic modes. Promising 
chiral discrimination was achieved. However, the static method could not meet the 
requirement of continuous measurements though it offered higher signal responses 
than the dynamic method. In contrast, the dynamic mode in our previous study could 
be performed in a continuous manner but with poorer signal response than in the static 
mode.  
In this chapter, to overcome the aforementioned problems with the previous 
method, a new dynamic method was employed to investigate chiral discrimination 
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mechanism in the liquid phase. This method is performed with an alternant 
continuous-flow stream of the sample solution and solvent mobile phase, which is 
similar to the operation environment found in HPLC. In order to further examine the 
mechanism of the binding of chiral analytes to -CD films and to evaluate the 
performance of the QCM sensors in aqueous media, the same QCMs described in 
Chapter 3 were investigated. By utilizing KSV QCM-Z500 measuring systems 
dedicated to liquids (see Figure 4.1), we have been able to determine the sensor 
response to four pairs of commercial available enantiomers: (D, L)-histidine, (D, 
L)-leucine, (D, L)-mandelic acid and ()-menthol, respectively, in diluted aqueous 
solutions under the new dynamic environment. The chiral discriminatory capability 
and the molecular sensitivity (frequency shift) of these -CD monolayers were 
assessed. The mechanism of the liquid phase chiral discrimination which was highly 
influenced by the -CD cavity, the structure of monolayers and the molecular size of 
analytes were also investigated. 
 
Figure 4.1 The apparatus setting of the liquid phase pumping measuring system 
1. measuring chamber; 2. main electronics unit (ME unit); 3. temperature 








4.2  Chiral Discrimination in Liquid Phase 
In order to investigate the chiral discrimination properties of mercaptyl 
functionalized -CD monolayers in liquid media, fourteen modified QCM sensors 
were examined in the liquid phase.  In order for the QCM based chiral selectors to be 
used as chiral stationary phases in HPLC, the performance of the QCM sensor’s chiral 
discrimination was assessed in the new dynamic mode.  Details of the setup are 
described in Chapter 5.  In brief, under this dynamic mode, one side of the QCM was 
exposed to the measuring cell and the other side is connected to an electrical oscillator.   
Milliliters of 10-4 M of selected analytes solution were pumped in continually using a 
HPLC pump. The QCM frequency change was recorded every three seconds.  
Four pairs of enantiomers were selected as guest analytes for the investigation. 
They are histidine, leucine, mandelic acid and menthol. These enantiomers have 
different structural and functional groups, and also distinct water solubility (see Table 
4.1).  Among the four pairs of analytes, mandelic acid is the most soluble while 









Table 4.1 Selected enantiomeric analytes for QCM 
measurements in liquid phase 
Chemical Water solubility Structure 
D(-)-Mandelic acid






0.456 mg/ml (25 
C in H2O) 
(-)-Menthol 
D-Leucine 21.9 mg/ml (25 





45.5 mg/ml (25 




In this study, the primary focus is to investigate the host-guest interactions 
at the -CD monolayers in the liquid phase, and the difference in the interactions 
between different analytes and the same -CD SAM, or between the same analyte 
and different SAMs. For a better understanding of chiral discrimination in liquid 
phase, the results of all chiral sensors (Table 4.2) in the current investigation and 
those previous studied by our group (Me--CD, Pe--CD and By--CD) [249] will 
be compared in this chapter. 
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Table 4.2 List of all chiral sensors with different R groups and different 
length of thiol linkers 
Sensor R group Length of thiol linker 
Ph--CDS phenyl carbamoyl  2 
Ph--CDL phenyl carbamoyl  11 
MP--CDS 4-(methoxyl)phenyl carbamoyl 2 
MP--CDL 4-(methoxyl)phenyl carbamoyl 11 
CP--CDS 4-(chloro)phenyl carbamoyl  2 
CP--CDL 4-(chloro)phenyl carbamoyl  11 
BP--CDS 4-(bromo)phenyl carbamoyl 2 
BP--CDL 4-(bromo)phenyl carbamoyl  11 
IP--CDS 4-(iodo)phenyl carbamoyl  2 
IP--CDL 4-(iodo)phenyl carbamoyl  11 
MtP--CDS 4-( methylthio)phenyl carbamoyl  2 
MtP--CDL 4-( methylthio)phenyl carbamoyl  11 
MdP--CDS 3,4-(methylenedioxy)phenyl carbamoyl 2 
MdP--CDL 3,4-(methylenedioxy)phenyl carbamoyl  11 
Me--CDS methyl 2 
Pe--CDS n-pentyl 2 
By--CDS benzoyl 2 
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4.2.1  Interpretation of chiral discrimination results in the dynamic mode  
  
 
Figure 4.2 Response of MP--CDS modified QCM sensor to D-histidine in aqueous 
solution. (a) a full plot of real-time response, (b) an enlarge image of the adsorption 
process 
Figure 4.2 shows a typical real-time plot of the normalized frequency changes 
of MP--CDS sensor (f) versus time with respect to chiral histidine (D-histidine). 
To start a new experiment, the sensor was initially equilibrated in dry N2 atmosphere 
in the measuring chamber for at least 10 min at 25 C, followed by the addition of 
mili-Q water (or absolute ethanol) and further stabilized for approximately 10 min. 
Sample solution (10-4 M) was pumped into the measuring chamber at an optimized 
continuous flow rate at 0.2 ml/min and the frequency change was observed soon 




buffer baseline sample in 
regeneration 
f 
50 100 150 200 min
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analayte (regeneration step) was only introduced into the measuring chamber when 
the baseline was stabilized with a fluctuation of ≤ 1 Hz.  
Compared to the performance of the QCM sensors under the static mode 
evaluated by our group [249] and others [204], the dynamic method, which is similar to 
the system built by Yang and his coworkers[317], has unique advantages. Under the 
dynamic mode, generally the QCM sensor response has a recovery process after the 
adsorption process, while in the static mode there is no recovery process. Consequently, 
a series of experiments can be conducted continuously in the dynamic mode，which is 
very similar to HPLC measurements.  
4.2.2  Response to histidine 
Typical time-dependent frequency changes of the QCM sensor are plotted in 
Figure 4.3, in which MP--CDS and MP--CDL SAMs were exposed to the 
enantiomeric solution of histidine (10-4 M in H2O) at 25C, respectively. For easy 
interpretation of chiral recognition process, the air baseline of each measurement is 
not shown and only the profile of adsorption process is displayed, and representative 
plots of MP--CDs are shown. 
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Figure 4.3 Liquid phase chiral discrimination of D- and L-histidine by MP--CDS (a) 
and MP--CDL (b) monolayers in aqueous solution (10-4 M) 
 
4.2.2.1  Sensor responses 
MP--CDS and MP--CDL exhibit differential responses towards the histidine 
enantiomers with preferential binding to the D-form. When the f signal of QCM 
sensor reached the equilibrium state after around 250 s in contact with the histidine 
solution, the frequency shift was recorded as fR for D-form, and fS for L- form. The 






/ , the same as 
that in gas phase.[276] The frequency changes and chiral discrimination factor R/S of all 









Table 4.3 Summary of all sensor responses and chiral discriminatory factor 
(R/S) in liquid phase 
 
Monolayers Histidine Leucine Mandelic acid Menthol 
Ph--CDS -f (Hz) 123/101 94/73 46/36 
24/22 
R/S 1.22 1.29 1.28 - 
Ph--CDL -f (Hz) 136/115 109/89 56/46 32/30 R/S 1.18 1.23 1.22 - 
MP--CDS -f (Hz) 133/101 102/64 70/51 40/36 R/S 1.32 1.59 1.37 1.11 
MP--CDL -f (Hz) 151/122 135/91 84/66 52/48 R/S 1.24 1.48 1.27 1.08 
CP--CDS -f (Hz) 115/95 89/72 55/42 20/18 R/S 1.21 1.24 1.31 - 
CP--CDL -f (Hz) 125/110 100/83 68/55 29/27 R/S 1.14 1.21 1.24 - 
BP--CDS -f (Hz) 106/90 86/70 49/38 20/19 R/S 1.18 1.23 1.29 - 
BP--CDL -f (Hz) 114/102 96/80 57/47 26/24 R/S 1.12 1.20 1.21 - 
IP--CDS -f (Hz) 101/91 80/67 43/36 18/17 R/S 1.11 1.19 1.19 - 
IP--CDL -f (Hz) 109/100 88/75 48/41 22/21 R/S 1.09 1.17 1.17 - 
MtP--CDS -f (Hz) 93/85 70/61 36/32 15/15 R/S 1.09 1.15 1.13 - 
MtP--CDL -f (Hz) 101/96 76/69 33/30 18/17 R/S 1.06 1.10 1.10 - 
MdP--CDS -f (Hz) 105/90 91/76 45/38 22/21 R/S 1.17 1.20 1.18 - 
MdP--CDL -f (Hz) 107/95 92/78 44/38 24/22 R/S 1.13 1.18 1.16 - 
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Figure 4.4 Signal responses of QCM sensors immobilized with mercaptyl functionalized 
-CDs upon exposure to histidine (plotted by -fR in Table 4.3). 
The frequency changes of all chiral sensor exposure to D- and L-histidine are 
displayed in Figure 4.4. The sensors immobilized with the mercaptyl functionalized 
-CD derivatives with a long thiol linker depict larger frequency shifts than those with 
a short thiol pendant. This corresponds to the increment in the surface coverage by the 
immobilized -CD molecules on the QCM surface, which was shown in Chapter 2. In 
the case of MdP--CDs, bulky groups of MdP not only pose steric hindrance to the 
inclusion of histidine in the CD cavities but also restrain the histidine from penetrating 
into the quasi-bottom layer of MdP--CDL (which was discussed in Chapter 2) in the 
aqueous solution. This is why a much smaller increase of f is observed for 
MdP--CDS to MdP--CDL compared to other pairs of QCM sensors. This is in 
agreement with the finding reported by Weisser and his co-workers that the very close 
packing in the -CD monolayer structure results in steric hindrance in the complexation 
of a -CD host with methyl orange guests.[318]  
Based on the amplitude of frequency changes, it is observed that histidine binds 
with the mercaptyl functionalized -CD molecules to varying degrees. This can be 
 115
attributed to the relatively small molecular size of histidine molecule (lock and key 
principle) and as a result its effective “three-point” interactions with the -CD cages. In 
addition, the three functional groups, carboxyl (-COOH), amine (-NH2) and imidazole, 
give rise to effective interactions with the -CDs to stabilize the transient complexes 
formed.  
Table 4.4 Summary of highly possible interactions between histidine and MP--CD 
Interaction No. Type of interaction Histidine -CD rim MP 
1 hydrogen bond -CO- - -NH- 
2 hydrogen bond -NH2 - -OCH3#, -CO-
3 stacking (attractive) imidazole - -Ph- 
4 dipole-dipole -CO- - -CO- 
#The group with the highest possibility to form hydrogen bond with histidine. 
As displayed in Figure 4.4, MP--CDS and MP--CDL sensors show the 
largest frequency shifts compared to other sensors in the series, suggesting that 
MP--CDs has the most effective interactions (Figure 4.3) with histidine in the 
stabilization of the inclusion complexes formed in these systems. These interactions 
include hydrogen bonding, especially the hydrogen bond between –NH2 of histidine 
and –OCH3 of MP group, stacking, dipole-dipole and hydrophobic interactions. 
The lack of hydrogen bonding of the type between –NH2 of histidine and –OCH3 of 
MP group in Ph--CD, CP--CD, IP--CD and MtP--CD explains the relatively 
lower signal responses. The signal response follows the descending order with respect 
to the bulkiness of molecular size: Ph--CD>CP--CD>IP--CD>MtP--CD. It is 
interesting to note that MdP--CDs possess the bulkiest size but show a higher signal 
response than MtP--CD. This is because the methylenedioxy group can form 
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effective hydrogen bonds with histidine, which counteracts part of the steric effect.  
4.2.2.2  Chiral discrimination 
For easy comparison, chiral discrimination factors of seven pairs of QCM 
sensors are plotted in Figure 4.5. 
 
Figure 4.5  Chiral discrimination factor (R/S) upon exposure to histidine in aqueous 
media 
Figure 4.5 shows that all S-type sensors display better chiral discriminating 
ability than their L-type, respectively. For example, between Ph--CDS and 
Ph--CDL, the short thiol linker in Ph--CDS monolayer affords the immobilized 
Ph--CDS molecule with a more rigid structure in comparison with Ph--CDL which 
has a longer mercaptyl pendant. The rigid β-CD host molecule would maximize the 
chiral discriminatory interactions with the guest molecule, thus affording better chiral 
recognition.[319] This observation is in stark contrast to that in gas phase chiral 
discrimination. Compared to other chiral sensors, MP--CD has the best chiral 
discriminatory ability.  As shown in Table 4.4, MP--CD not only can assure 
effective “three-point” mode interaction, but also interact strongly with D-histidine 
 117
through hydrogen bonding between the –OCH3 group with the -NH2 group in the 
guest molecules.  However, this effective interaction is missing in other modified 
-CDs except for MdP--CDs. This also can explain why MdP--CDs shows a 
higher enantioselectivity toward histidine than IP--CD and MtP--CD, despite the 
much larger molecular size which results in more severe steric hindrance. 
 
Figure 4.6 Chiral discrimination factor (R/S) of all chiral sensors with a short sulfide 
pendent upon exposure to histidine in aqueous media. * results from our previous work[249] 
In order to better understand chiral discrimination in the liquid phase, results 
of Me--CDS, Pe--CDS and By--CDS studied previously by our group were 
included for comparison in the current discussion (Figure 4.6). The chiral 
discriminating ability towards histidine enantiomers in the liquid phase follows the 
sequence: By--CDS > Me--CDS > Pe--CDS > MP--CDS > Ph--CDS > 
CP--CDS > BP--CDS > MdP--CDS > IP--CDS> MtP--CDS. By--CDS has 
a relatively rigid molecular conformation and histidine can be inserted into the -CD 
cavity and form stable complexes through three-point interactions[173, 320]. By--CDS 
therefore affords the most enantioselective interactions with D-form of histidine. 
However, three-point interactions cannot be achieved in Me--CDS and Pe--CDS 
* * *
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systems resulting in reduced chiral discrimination. Although three-point interactions 
can be ensured in varying degrees in Ph-, MP-, CP-, IP-, MtP- and MdP--CDS, the 
hydration of surface monolayers of theses compounds in the aqueous media may cause 
swelling or even deformation of the monolayers.[321] This hydration effect resulted in 
additional hindrance to the effective interactions between the sensors with histidine 
molecule, thus lowering chiral discrimination compared to By--CDS.  
4.2.3  Response to leucine 
Typical time-dependent frequency changes are plotted in Figure 4.7 as QCM 
sensors were exposed to D- and L-leucine. They both show preferential affinity to 
D-form enantiomer. The sensors show a similar response to that found in histidine. The 
response of the rest of QCM sensors are summarized in Table 4.3. 
      
Figure 4.7 Liquid phase chiral discrimination of D- and L-leucine by MP--CDS (a) 
and MP--CDL (b) monolayers in aqueous solution (10-4 M) 
a b 
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4.2.3.1 Signal responses 
 
Figure 4.8 Signal responses of QCM sensors immobilized with mercaptyl 
functionalized -CDs upon exposure to leucine (plotted by -fR in Table 4.3). 
A comparison of the fourteen QCM sensors’ frequency shifts toward D-form 
enantiomer is displayed in Figure 4.8. The sensors modified by the mercaptyl 
functionalized -CD derivatives with a long sulfide pendant have larger frequency 
shifts than those with a short thiol linker. The signal response is quite similar to those 
when exposure to histidine. The only difference is that van der Waals attractions 
(Table 4.5) instead of stacking (attractive) interactions make a great contribution 
in stabilizing the inclusion complexes formed. It is known that stacking 
interaction is much stronger than van der Waals attraction, thus leading to more stable 
transient inclusion complexes.[142] This explains why a larger frequency shift is 






Table 4.5 Summary of highly possible interaction between leucine and MP--CD 
Interaction No. Type of interaction Leucine -CD rim MP 
1 hydrogen bond -CO- - -NH- 
2 hydrogen bond -NH2 - -OCH3#, -CO- 
3 dipole-dipole -CO- - -CO- 
4 hydrophobic -CH2-(C2)* -Ph 
* C3 or C5 instead of C2 could be involved; #the group with the highest possibility to 
form hydrogen bond with histidine. 
4.2.3.2  Chiral discrimination 
Figure 4.9 shows that all fourteen QCM sensors exhibit chiral discrimination. The 
QCM sensors deposited with the mercaptyl functionalized -CD derivatives with a 
short thiol pendant depict better chiral discrimination than those with a long thiol linker.  
Among them, MP--CDS has the highest chiral discrimination factor. 
 
 
Figure 4.9 Chiral discrimination factor (R/S) upon exposure to leucine in aqueous 
media 
As shown in Table 4.5, all host molecules especially MP--CDs can achieve 
an effective “three-point” mode interaction with leucine through hydrogen bonding, 
dipole-dipole and hydrophobic interactions. The three-point mode interaction affords 
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good enantioselective discrimination. For the fourteen chiral sensors exposure to 
leucine, a similar observation to the histidine system is found so no detailed 
discussion will be present here. However, compared to histidine, leucine molecule is 
more flexible and can rotate or adjust its position to obtain more effectively 
enantioselective interactions with the -CDs. The recognition process is probably 
subject to a mutual conformational rearrangement leading to the most favorable 
complex.[322] Therefore, higher chiral discrimination factors were obtained in leucine 
system than those in histidine system.   
4.2.4  Response to mandelic acid  
Typical time-dependent frequency changes are plotted in Figure 4.10 as QCM 
sensors were exposed to D- and L-mandelic acid. MP--CDS and MP--CDL show 
preferential affinity to D-form enantiomer. Interestingly, the frequency change versus 
time plot is very different to that of histidine and leucine.  The response of the rest of 
QCM sensors are summarized in Table 4.3. 
     
Figure 4.10 Liquid phase chiral discrimination of D- and L- mandelic acid by MP--CDS (a) 
and MP--CDL (b) monolayers in aqueous solution (10-4 M) 
a b 
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4.2.4.1  Sensor responses 
 
Figure 4.11 Signal responses of QCM sensors immobilized with mercaptyl 
functionalized -CDs upon exposure to mandelic acid (plotted by -fR in Table 4.3) 
A comparison of the fourteen QCM sensors’ frequency shifts toward D-form 
enantiomer is made in Figure 4.11. The sensors modified by the mercaptyl 
functionalized -CD derivatives with a long sulfide pendant show larger frequency 
shifts than those with a short thiol linker. For each pair (S and L) of the QCM sensors, 
the frequency shift increases from Ph--CD, reaching a maximum for MP--CD, then 
begins to decrease from CP--CD to MtP--CD, and finally registering a slight 
increase for MdP--CD. The results show that mandelic acid interacts more effectively 
with the MP--CD monolayer through the “three-point” interaction model. For MtP- 
and MdP--CD monolayers, the bulkier size imposes more hindrance, which 
counteracts the various types of interaction with mandelic acid molecule (see Table 
4.6). Hence these sensors have decreasing signal responses. Moreover, lower frequency 
shifts of all sensors towards mandelic acid are observed than those towards histidine, 
due to the larger molecular size and the more rigid structure of mandelic acid. 
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4.2.4.2  Chiral discrimination 
All fourteen QCM sensors show chiral discrimination as displayed in Figure 
4.12.  Sensors with a short thiol pendant have better chiral discrimination than those 
with a long thiol linker, and MP--CDS shows the highest chiral discrimination factor. 
 
 
Figure 4.12 Chiral discrimination factor (R/S) upon exposure to mandelic acid in 
aqueous media 
For Ph--CD sensors, hydrophobic interaction (- stacking) and hydrogen 
bonding are present when exposed to mandelic acid. It was reported by Tabushi and his 
co-workers that the interaction between point charges (Coulomb force of attraction) 
affect chiral discrimination even when both host and guest molecules are hydrated.[321] 
Consequently, the Coulombic interaction between the amino group of phenycarbamoyl 
in Ph--CDs and the carboxyl moiety of mandelic acid like  ONH 2  may also 
contribute to the general enantio-discriminatory interactions present. Therefore, a better 
chiral discrimination performance has been observed for Ph--CD monolayers toward 
mandelic acid than histidine. This is also applicable to the rest of the chiral sensors in 
the series. 
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Table 4.6 Summary of possible interaction between mandelic acid and MP--CD 
Interaction No. Type of interaction Mandelic acid -CD rim MP 
1 hydrogen bond -CO- - -NH- 
2 hydrogen bond -OH - -OCH3#, -CO-
3 stacking Ph- - -Ph- 
4 dipole-dipole -CO- - -CO- 
5 columbic force -COO- - >NH2+ 
6 hydrophobic  Ph- -CH2-(C2)* - 
* C3 or C5 instead of C2 could be involved; #the group with the highest possibility to 
form hydrogen bond with mandelic acid. 
Compared to other chiral sensors, MP--CD has the best chiral discriminatory 
ability.  The order of chiral discriminating ability of the other sensors is the same as 
that found in histidine.  
 
Figure 4.13 Chiral discrimination factor (R/S) of all chiral sensors with a short sulfide 
pendent upon exposure to mandelic acid in aqueous media 
Figure 4.13 summarizes chiral discrimination ability of all chiral sensors with 
a short thiol linker exposure to mandelic acid in aqueous media. Due to the nature of 
Me--CD and Pe--CD molecular structure, the “three-point” model cannot be applied,  
hence there is no chiral discrimination for these two QCM sensors (R/S=1). While for 
By--CD, the phenylene groups at the secondary rim side could interact with the 
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mandelic acid molecule effectively through stacking interaction and hydrogen 
bonding, thus chiral discrimination is observed. For Ph-, MP-, CP-, IP-, MtP- and 
MdP--CD sensors, enhanced chiral discrimination is achieved through more 
effective interactions with mandelic acid molecules (Table 4.6), despite the steric 
hindrance and hydration effect which tend to work the other way in chiral 
discrimination.  The results suggest that effective “three-point” mode interactions 
dominate the chiral recognition process when the above sensors are exposed to 
mandelic acid. 
4.2.5  Response to menthol 
The response of MP--CDS and MP--CDL monolayers towards menthol is 
plotted in Figure 4.14. The response of the rest of QCM sensors are summarized in 
Table 4.3.  
     
Figure 4.14 Liquid phase chiral discrimination of (+) and (-)-menthol by MP--CDS 
(a) and MP--CDL (b) monolayers in aqueous solution (10-4 M) 
4.2.5.1 Sensor responses 
For MP--CDS and MP--CDL, similar adsorption kinetics and preferential 
a b 
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binding to D-isomer ((+)-menthol) are observed. Frequency shifts of all sensors 
exposed to menthol are plotted in Figure 4.15. 
 
 
Figure 4.15 Signal responses of QCM sensors immobilized with mercaptyl 
functionalized -CDs upon exposure to menthol (plotted by -fR in Table 4.3) 
The sensors with a long thiol linker show larger frequency shifts than those with 
a short sulfide pendant.  Almost all the frequency shifts are less than 1/3 of those 
found in histidine (Figure 4.4). This suggests a much weaker binding between the 
-CD cavities and menthol. The hydrophobic effect drives the menthol molecule into 
the -CD cavities to form inclusion complexes. Unlike the other three pairs of analytes, 
however, only hydrogen bonding and van der Waals attractions are responsible for 
interactions between host and guest molecules.[182] (Table 4.7). Therefore, much 
lower frequency changes were obtained. Among them, both MP--CD sensors exhibit 
the largest frequency shifts, which could be attributed to the extra strong hydrogen 




Table 4.7 Summary of possible interaction between menthol and MP--CD 
Interaction No. Type of interaction Menthol -CD rim MP 
1 hydrogen bond -OH - -OCH3#, -CO-
2 hydrophobic  , -CH2-(C2)* -Ph- 
* C3 or C5 instead of C2 could be involved; #the group with the highest possibility to 
form hydrogen bond with menthol. 
4.2.5.2 Chiral discrimination 
 
Figure 4.16 Chiral discrimination factor (R/S) upon exposure to menthol in aqueous 
media 
As shown in Figure 4.16 and Table 4.3 and according to the threshold (>2 Hz) 
of QCM signal which we defined previously[249], only MP--CDS and MP--CDL 




Figure 4.17 Chiral discrimination factor (R/S) of all chiral sensors with a short sulfide 
pendent upon exposure to menthol in aqueous media 
Figure 4.17 summaries chiral discrimination ability of all chiral sensors with a 
short thiol linker exposure to menthol in aqueous media. In the case of Me--CDS, a 
“tight” induced fit cannot be formed between menthol molecule and the -CD cavity 
because of the excess cavity space of Me--CDS.[249] This explains the negligible 
chiral discrimination performance of Me--CDS monolayers. Among all chiral 
sensors, Pe--CDS has the best chiral discrimination ability. Compared to Me--CDS, 
Pe--CDS monolayers induce a more “tight” fit of the included menthol molecule in 
the -CD cavity which enhances the van der Waals attractions between the menthol 
molecule and the -CD cavities. Though Pe--CDS does not have as strong a 
hydrogen bonding as MP--CDS, it does not have the severe steric hindrance as in 
MP--CDS. For the rest of sensors, besides steric hindrance effect, the hydration of 
the monolayers in the aqueous media cause swelling or even deformation, thus 
resulting in a bigger difficulty for the inclusion of menthol. These sensors therefore 
have no chiral discrimination towards menthol. The above findings suggest that the van 
der Waals attractions instead of hydrogen bonding dominate the chiral discrimination 
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towards menthol. 
In general, the functionalized -CD monolayers on the Au surface started to 
wear off after the sensor have been in contact with the aqueous media for a prolonged 
time. This will lead to a decrease in mass and a change of frequency. Considering the 
application of QCM sensors in aqueous media under the dynamic condition, further 
studies would be necessary to improve the stability of the self-assembled -CD 
monolayers on the QCM. One way is to chemisorb functionalized -CD derivatives 
with multiple thiol linkers on the gold surface of a quartz plate.[242]  
4.3   Summary 
It was demonstrated that QCM sensors immobilized with functionalized -CD 
monolayers could be applied to perform chiral recognition in the liquid phase. Fourteen 
mercaptyl functionalized -CDs coated QCMs showed chiral discrimination towards 
four pairs of enantiomeric analytes, respectively. 
The sensor’s chiral discrimination ability was assessed under a new dynamic 
environment, i.e. in an alternant continuous-flow stream of sample solution and solvent 
mobile phase, which is similar to the operation environment in HPLC. The dynamic 
mode designed in this study not only can achieve the same level of chiral 
discrimination as found in the static mode designed previously by our group, it also 
offers the advantage of simpler experimental procedure and shorter analysis time.  
The QCM sensors deposited with the mercaptyl functionalized -CD 
derivatives with a long sulfide pendant exhibited larger frequency shifts than those 
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with a short thiol linker. In terms of chiral discrimination, however, all S-type sensors 
displayed better chiral discriminating ability than their L-type counterparts. This is 
because S-type sensors possess a more rigid monolayer structure. On the basis of the 
lock and key principle including the solvent effect, an extensive “three-point” 
interaction model as described in Chapter 3 can be employed to explain the chiral 
recognition mechanism of the four analytes on the surface of -CD monolayers. 
Generally, the chiral discrimination depends on the shape and size of the host and 
guest molecules and the ability to form hydrogen bonds, - stacking and 
hydrophobic interactions. The recognition process is probably subject to interplay of 
various factors mentioned above and a mutual conformational rearrangement leading 
to the most thermodynamically favorable complex. 
Stability of the monolayers on QCM is still a challenge. One of the promising 
alternatives is to immobilize functionalized -CD derivatives with multiple thiol 
linkers onto the gold surface.  
This study provides a strategy to fabricate a series of new chiral sensors 









5.1  General 
5.1.1  Chemicals 
Toluene 4-sulfonyl chloride (TsCl, Sigma), imidazole (C3H4N2, Sigma), 
-cyclodextrins (TCI), sodium azide (NaN3, Merck), 1, 1, 2, 2-tetrachloroethane (Alfa 
Aesar), phenyl isocyanate (C6H5NCO, TCI), 4-chlorophenyl isocyanate (ClC6H4NCO, 
Alfa Aesar), 4-bromophenyl isocyanate (BrC6H4NCO, Alfa Aesar), 4-iodophenyl 
isocyanate (IC6H4NCO, Aldrich), 4-(methylthio)phenyl isocyanate (CH3SC6H4NCO, 
Alfa Aesar), 4-methoxyphenyl isocyanate (CH3OC6H4NCO, Alfa Aesar), 
3,4-(methylenedioxy)phenyl isocyanate (C8H5NO3, Alfa Aesar), 10-undecen-1-ol (Alfa 
Aesar), cysteamine (NH2C2H4SH, Alfa Aesar), cysteamine hydrochloride 
(NH2C2H4SH·HCl, Alfa Aesar), iodine (Comak), triphenylphosphin (Ph3P, Merck), 
phthalimide potassium (Alfa Aesar), thioacetic acid (CH3COSH, Alfa Aesar), 
hydrazine hydrate (N2H4·H2O, Alfa Aesar), acetic chloride (AcCl, Alfa Aesar) were 
used without further purification. 
5.1.2  Solvents 
Methylene chloride (CH2Cl2, Merck, A.R.) and hexane (J.T. Baker, A.R.) were 
distilled after refluxing with calcium hydride (CaH2) under nitrogen atmosphere for 
three hours. Pyridine (J.T. Baker, A.R.) was distilled and collected after refluxing with 
calcium hydride (CaH2) under nitrogen atmosphere for four hours. Tetrahydrofuran 
(THF, J.T. Baker, A.R.) was distilled under nitrogen atmosphere over sodium wires for 
three hours. N, N-dimethyl formamide (DMF, Tedia, A.R.) was freshly distilled under 
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reduced pressure and then stored with molecular sieves before use. Methanol (Merck, 
A.R.), absolute ethanol (Fisher Scientific, A.R.), chloroform (Merck, A.R.), diethyl 
ether anhydrous (Et2O, Tedia, A.R.), ethyl acetate (Merck, A.R.), and Milli-Q water 
were used as received. 
5.1.3  Instrumentation 
NMR Spectroscopy. NMR spectra were recorded with a Bruker DPX 300 
spectrometer. (1H, 300 MHz; 13C: 75MHz). Chemical shifts were reported in parts per 
million (ppm) downfield of tetramethylsilane (TMS). The data were presented as 
following: chemical shift () ppm, multiplicity, number of protons and coupling 
constants in hertz. Multiplicity were denoted as s (singlet), d (doublet), t (triplet), 
q(quartet), and m(multiplet). 
Elemental Analysis. Elemental analyses were performed on a Perkin Elmer 
240C elemental analyzer for C, H, N, and S determinations.  
FT-IR Spectrometry. Infrared spectra were recorded on Pekin Elmer 1600 
spectrometer. Samples were prepared as KBr pellets. Spectra were averaged from a 
total of 32 scans.  
Mass Spectrometry. EI and ESI mass spectrometry were performed on a 
Finnigan TSQ7000 mass spectrometer.  
Matrix Assisted Laser Desorption Ionization Time-of-flight Mass 
Specrometry. MALDI-TOF mass spectra were collected from a Voyager-DE STR 
mass spectrometer equipped with delayed extraction and a N2 laser set at 337 nm. The 
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length of one laser pulse was 3 ns. The measurements were carried out under the 
following conditions: positive polarity, linear flight path 21 kV acceleration voltage, 
and 100 pulses per acquisition. The samples were dissolved in ethyl acetate (4 mg/ml) 
prior to the data acquisition.  
Time-of-flight Secondary Ion Mass Spectrometry. TOF-SIMS spectra were 
obtained with an ION-TOF GmbH instrument, using a pulsed primary beam of Ar ions 
(10 KeV) under static conditions at a pressure of approximately 1×10-6 mbar. Spot size 
is 10×10 μm2, and recording time is 6-8 mins. 
Atomic Force Microscopy. AFM images were obtained using a Nanoscope 
IIIA AFM (Digital Instruments, Santa Barbara, CA) operating with tapping mode and 
1μm×1μm scanning area.  
Spectroscopic Ellipsometry. The SE measurements were performed over a 
wavelength range of 500-1000 nm at a fixed incident angle of 60º using M-2000 
spectroscopic ellipsometer (J.A. Woollam, Inc., Lincoln, NE). All the thickness were 
calculated based on the refractive index of nf = 1.5, kf = 0. The SE spectra were 
obtained on three separate substrates with at least three different spots on each substrate 
being measured. 
5.2   Synthesis 
5.2.1  Thiol spacers 
5.2.1.1  2-(-mercapto)-ethylamine (S) 
The compound was purchased from Alfa Aesar and used directly. 
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5.2.1.2  S-2-aminoethyl ethanethioate (SAc) 
Cysteamine hydrochloride (17.5 g, 154 mmoles) was heated with 25 ml (369 
mmols) of acetyl chloride at 50 ºC for 30 mins. After the formation of a white solid, 
25 ml more acetyl chloride was added and the heating process was continued for 3 h. 
After cooling down, the mixture was washed by anhydrous diethyl ether several times. 
Finally, the product was recrystalized in ethanol to afford 15.3 g light yellow crystals. 




S-2-aminoethyl ethanethioate (SAc). IR (cm-1) 3355 (N-H str), 2910 (C-H str), 
1690 (C=O str), 1581 (-NH2 str ), 1415 (S-C), 1090 (C-NH2 ); 1H-NMR (CDCl3)  
(ppm) 3.11(2H, -CH2-NH2), 3.06(2H, -CH2-S), 2.37 (3H, CH3-CO-),; 13C-NMR 
(CDCl3)  (ppm) 195.2 (C=O), 38.7(-CH2-NH2), 30.9 (-CO-CH3), 26.1(-CH2-S); 
ESI-MS m/z calcd for C4H9NOS 119.2, found 119.9 [M+H]+. 
5.2.1.3  11-(-mercapto)-undecanylamine (L) 
To 350 ml dried methylene chloride, Ph3P (31.45 g, 120 mmol), imidazole (8.25 
g, 120 mmol) and iodine (30.48 g, 120 mmol) was added in sequence and the mixture 
was stirred for 10 mins under dry N2. 10-undecen-1-ol (20.15 ml, 100 mmol) in dry 
methylene chloride was added dropwise to the mixture and the reactants were stirred 
for 3 h at room temperature under dry N2. After filtration, the filtrate was concentrated 
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and 200 ml hexane was used to extract the product. The top layer was collected and 
concentrated. A mixture of colorless liquid and white solid was obtained and subjected 





10-undecen-1-iodine (16.8 g, 60.0 mmol) was stirred with potassium 
phthalimide (16.6 g, 90.0 mmol) in 500 ml of dry DMF at 100 ºC for 4 h. The mixture 
was cooled and poured into 1.5 L of ice water and stored in a refrigerator overnight. 





10-undecen-1-phthalimide (12.0 g, 40.0 mmol) and thioacetic acid (3.6 ml, 48 
mmol) were dissolved in dry hexane in a sealed quartz round bottom flask and 
irradiated with UV light (=254 nm, W=75 watts) with stirring for 7 h in an ice bath. 




11-thioacetic-1-phthalimide (2.5 g, 6.66 mmol) in 80 ml methanol was refluxed 
at 80 ºC.  2 ml of hydrazine monohydrate (98%) was added and the mixture was stirred 
for 2 h.  The system was then allowed to cool down. 150 ml water was added and 
methanol was removed by vacuum evaporation. The residue was trebly extracted with 
150 ml of chloroform. The organic layer was washed by water and dried by anhydrous 
sodium sulfate. Upon further concentration under reduce pressure, a light yellow solid 
was obtained, yield: 88.5%.  
 
 
11-(-mercapto)-undecanylamine (L). IR (cm-1) 3383 (N-H str), 2917 (C-H str), 
2509 (S-H str), 1593 (-NH2 ), 1067 (C-NH2 str); 1H-NMR (CDCl3)  (ppm) 2.70 (2H, 
-CH2-SH), 2.52 (2H, -CH2-NH2), 1.67 (m, 2H, -CH2-CH2-NH2), 1.30-1.58 (m, 17H); 
13C-NMR (CDCl3)  (ppm) 42.1 (NH2CH2-), 39.1, 33.9, 33.7, 29.5, 29.1, 28.9, 28.3, 
26.8 (-(CH2)9-), 24.5 (-CH2-SH); ESI-MS m/z calcd for C11H25NS 203.4, found 203.2. 
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5.2.1.4  S-11-aminoundecyl ethanethioate (LAc) 
11-(-mercapto)-undecanylamine (L) (3.12 g, 15.4 mmoles) was heated with 
2.5 ml (36.9 mmols) of acetyl chloride at 50 ºC for 30 mins. 2.5 ml more acetyl 
chloride was then added and the heating process was continued for 3 h. After cooling 
down, the mixture was washed by anhydrous diethyl ether. Finally, the product was 




S-11-aminoundecyl ethanethioate (LAc). IR (cm-1) 3386 (N-H str), 2925(C-H 
str), 1596 (-NH2 ), 1420 (S-C), 1073 (C-NH2 str); 1H-NMR (CDCl3)  (ppm) 3.01(2H, 
-CH2-S), 2.63 (2H, -CH2-NH2), 2.30(CH3-CO-), 1.82(m, 2H, CH2-CH2-NH2), 
1.32-1.60 (m, 17H); 13C-NMR (CDCl3)  (ppm) 195.0(-C=O), 42.2 (-CH2 NH2), 36.1, 
33.9, 33.5, 29.4, 29.2, 28.7, 28.3, 26.8(-(CH2)9-), 30.9(CH3-CO-), 25.5(-CH2-SAc); 
ESI-MS m/z calcd for C13H27NOS 245.4, found 246.5 [M+H]+. 
5.2.2   Mercaptyl perfunctionalized -CD 
5.2.2.1  p-Toluenesulfonyl choloride 
Tosyl chloride (60 g, 0.315 mol) was dissolved in dry methylene chloride (200 
ml) at 0ºC, to which a solution of imidazole (48 g, 0.315 mol) in 200 ml of methylene 
chloride was added dropwise. The mixture was then stirred overnight at room 
temperature. The white precipitate of imidazole hydrochloride salt was removed via 
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filtration. The filtrate was concentrated to afford white solid. The solid was purified by 
using a pad of silica gel and washing by 400 ml of ethyl acetate/hexane (1:1, v/v). The 
filtrate was concentrated to 20 ml and added to 400 ml hexane with stirring. White solid 




5.2.2.2  6A-O- p-Toluenesulfonyl--CD (Ts--CD) 
A suspension of -CD (35.0 g, 30.84 mmol) in 350 ml deionized water was 
mixed with tosyl imidazole (6.66 g, 30.84 mmol). The mixture was allowed to stir for 3 
h. A solution of 20% sodium hydroxide solution (10 g in 40 ml water) was added to the 
mixture and further stirred for an additional 10 mins.  After that, the insoluble solid 
was filtered and the reaction was quenched. The filtrate was neutralized to a pH value of 
7.0~8.0 using ammonium chloride (28.0 g). The white solid formed was cooled in a 
refrigerator overnight and collected by vacuum filtration followed by washing with 




6A-O- p-Toluenesulfonyl--CD (Ts--CD). IR (cm-1): 3395 (O-H, str), 2925 
(C-H str), 1634, 1592, 1502 (arom C=C ring str), 1158 (S=O, str), 1029 (C-O-C str); 
1H-NMR (DMSO-d6)  (ppm) 2.43 (s, 3H), 3.17-3.45 (m, overlapping with HDO), 
3.47-3.75 (m, 28H), 4.17-4.61 (m, 6H), 4.75-4.81 (m, 7H), 5.60-5.89 (m, 14H), 7.45 (d, 
2H), 7.76(d, 2H); 13C-NMR (DMSO-d6): δ(ppm) 145.20(C-CH3), 133.03(C-S), 
130.24(CH-C-CH3), 127.90(CH-C-S), 102.27(C-1), 81.88(C-4), 73.43(C-3), 
72.38(C-5), 69.27(C-2), 60.29(C-6), 21.56(CH3-); ESI-MS m/z calcd for C49H76O37S 
1289.1, found 1312.2 for [M+Na]+; Elemental analysis calcd C, 45.67%, H; 5.91%; S, 
2.50%; found C, 42.89%; H, 5.99%; S, 2.32%. 
5.2.2.3  6A-Azido-6A-deoxy--CD (Az--CD) 
Vacuum-dried 6A-O-(4-methylphenylsulphonyl)--cyclodextrin (10.0 g, 7.8 
mmol) and sodium azide (10.0 g, 154.0 mmol) were dissolved in de-ionized water (400 
ml) and heated for 6 h at 100 ºC. The mixture was filtered and concentrated to 80 ml. 
1,1,2,2-tetrachloroethane (10 ml) was added and the mixture was stirred for 1 h. The 
complex formed was separated from the aqueous solution by centrifugation and then 
heated in boiling water to afford mono azido--cyclodextrin. After recrystallization 




6A-azido-6A-deoxy--cyclodextrin (Az--CD). IR (cm-1) 3386 (O-H str), 2922 
(C-H str), 2114 (N3 str), 1024 (C-O str); 1H-NMR (DMSO-d6)  (ppm) 3.58-3.69 (m, 
34H), 4.44-4.52 (m, 8H), 4.82-4.83 (m, 9H), 5.60-5.73 (m, 18H); 13C-NMR (DMSO-d6) 
 (ppm) 104.53 (C-1), 83.79 (C-4), 75.77 (C-2), 74.73 (C-3), 74.52 (C-5), 62.93 (C-6), 
53.75 (C-6’(-N3)); ESI-MS m/z calcd for C42H69N3O34 1160.0, found 1160.1; Elemental 
analysis calcd: C, 43.69%; H, 6.00%; N, 3.62%. Found: C, 40.36%; H, 6.37%; N, 
3.30%. 
5.2.2.4  Mercaptyl perphenylcarbamoyl--CDs 
Phenyl isocyanate (5 ml, 42.0 mmol) was added into a solution of pre-dried 
Az--CD (1.0 g, 0.85 mmol) in dried pyridine (15 ml) and was allowed to stir overnight 
at 85 ºC. The solvent and excess phenyl isocyanate were then removed by vacuum 
distillation to afford a yellow-brown gel. To the gel, 100 ml ethyl acetate was added and 
stirred for 1 h to remove pyridine complex after 40 ml water was added. Filtration was 
carried out and the filtrate was further washed with water. The organic layer was then 
collected and dried by anhydrous magnesium sulfate. After concentration, crude 
product was subjected to flash chromatography over silica gel using hexane-ethyl 




(6A-azido-6A-deoxy)heptakis(2,3-di-O-phenylcarbamoyl)-6B, 6C, 6D, 6E, 6F, 
6G-hexa-O-phenylcarbamoyl--cyclodextrin (Ph--CD) Y: IR (cm-1) 3412, 3320 (N-H 
str), 2105 (N3 str), 1720 (C=O str), 1611, 1545, 1487 (C=C arom ring str), 1053 (sym 
C-O-C); 13C-NMR (CDCl3)  (ppm) 153.85, 153.02, 152.53 (Ar-NH-CO-), 137.05, 
136.79, 123.67, 119.55, 118.80 (H-bearing aromatic carbon atoms), 128.63, 128.50 
(quaternary aromatic carbon atoms), 98.95 (C-1), 78.32 (C-4), 73.65 (C-2), 71.63 (C-3), 
52.12 (C-6a-N3); MALDI-TOF-MS m/z Calcd for C182H168O54N23 3541.1, Found 
3564.3 for [M+Na+]; Elemental analysis calcd for C182H168O54N235H2O: C, 60.23%; H, 
4.94%; N, 8.87%. Found: C, 60.39%; H, 5.06%; N, 8.56%. 
Ph--CD (1.27 g, 0.35 mmol) and 7.5 mmol 2-(-mercapto)-ethylamine were 
stirred in 15 ml of anhydrous THF with continuous bubbling of CO2 for 30min. Ph3P 
(1.96g, 7.5 mmol) dissolved in 15 ml of anhydrous THF was added dropwise to the 
Ph--CD solution. The mixture was stirred for 10 h with bubbling of CO2 at room 
temperature. After THF was removed, 100 ml chloroform was added and then washed 
by 100 ml of water and 100 ml of brine. The organic layer was collected and dried by 
anhydrous sodium sulfate. Finally, the solution was concentrated and subjected to 
column chromatography with ethyl acetate/hexane (1:1, v/v) as eluent with the derived 





B, 6C, 6D, 6E, 6F, 6G-hexa- O-phenylcarbamoyl--cyclodextrin (Ph--CDS): IR (cm-1) 
3403, 3308 (N-H str), 3060 (C-H str), 1715 (C=O str), 1603, 1546, 1497 (C=C arom 
ring str), 1055 (sym C-O-C); 13C-NMR (CDCl3)  (ppm) 154.02, 153.18, 152.63 
(Ar-NH-CO-), 150.75 (-NH-CO-NH-), 137.91, 136.76, 123.66, 119.58, 118.75 
(H-bearing aromatic carbon atoms), 128.82, 128.41 (quaternary aromatic carbon 
atoms), 98.76 (C-1), 78.85 (C-4), 73.46 (C-2), 71.70 (C-3), 60.53 (C-6a), 20.83 
(-CH2-SH); MALDI-TOF-MS m/z calcd 3618.3, found 3659.7 for [M+H2O+Na+]; 
Elemental analysis calcd: C, 61.41%; H, 4.87%; N, 8.51%, S, 0.89%. Found: C, 
61.90%; H, 5.14%; N, 7.90%, S, 0.72%. 
Ph--CDL was synthesized following a similar procedure as Ph--CDS. 
 
(6A--mercapto-undecanylureado-6A-deoxy)heptakis(2,3-di-O-phenylcarbamo
yl)-6B, 6C, 6D, 6E, 6F, 6G- hexa-O-phenylcarbamoyl--cyclodextrin (Ph--CDL), Yield, 
35%: IR (cm-1) 3401, 3317 (N-H str), 3062, 2928 (C-H str), 1737 (C=O str), 1603, 1546, 
1443 (C=C arom ring str), 1055 (sym C-O-C); 13C-NMR (CDCl3)  (ppm) 153.98, 
153.12, 152.75 (Ar-NH-CO-), 148.72 (-NH-CO-NH-), 136.56, 133.37, 123.99, 123.39, 
119.73, 118.91 (H-bearing aromatic carbon atoms), 128.85, 128.80, 128.45 (quaternary 
aromatic carbon atoms), 98.86 (C-1), 78.69 (C-4), 73.35 (C-2), 71.63 (C-3), 
70.54(C-6b), 61.66 (C-5), 60.45 (C-6a), 34.05 (-NHCH2-), 30.67-24.70 (-(CH2)9-), 
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20.96 (-CH2-SH); MALDI-TOF-MS m/z calcd 3744.2, found 3767.8 for [M+Na+]; 
Elemental analysis calcd for C194H193O55N22S: C, 62.24%; H, 5.15%; N, 8.23%, S, 
0.86%. Found: C, 61.76%; H, 5.29%; N, 8.10%, S, 0.72%. 
5.2.2.5  Mercaptyl per(p-(methoxyl)phenyl)carbamoyl--CDs  
p-methoxylphenyl isocyanate (10 ml, 77.2 mmol) was added to a solution of 
pre-dried Az--CD (2.0 g, 1.70 mmol) in dried pyridine (30 ml) and the mixture was 
allowed to stir overnight at 75 ºC. The solvent and excess p-methoxylphenyl isocyanate 
were removed by vacuum distillation to afford a light yellow gel. To the gel, 200 ml 
ethyl acetate was added and the mixture was stirred for 1 h to remove pyridine complex 
by washing twice with 80 ml of water. The organic layer was then collected and dried 
by anhydrous magnesium sulfate. After concentration, crude product was subjected to 
flash chromatography over silica gel using hexane-ethyl acetate-methanol (6:4:1, v/v) 




6D, 6E, 6F, 6G-hexa-O-(p-methoxyphenyl)carbamoyl--cyclodextrin (MP--CD): IR 
(cm-1) 3416, 3326 (N-H str), 3059 (C-H str), 2107 (N3 str)， 1716 (C=O str), 1603, 
1546, 1498 (C=C arom ring str), 1253 cm-1 (=C-O-C stretching, str), 1057 (sym C-O-C), 
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1023 cm-1 (=C-O-C stretching); 13C-NMR (DMSO)  (ppm) 156.09 ( CH3CO ), 
153.26 (Ar-NH-CO-), 133.99, 132.29, 122.98, 120.23, 119.05 (H-bearing aromatic 
carbon atoms), 128.59, 128.37 (quaternary aromatic carbon atoms), 98.55 (C-1), 78.72 
(C-4), 73.58 (C-2), 71.63 (C-3), 60.29 (C-6a), 55.36(CH3O); MALDI-TOF-MS m/z 
calcd 4143.0, found 4161.0 ([M+H2O]+); Elemental analysis calcd: C, 58.56%, H, 
5.08%, N, 7.78%. Found: C, 59.15%, H, 5.27%, N, 7.42% 
MP--CDS and MP--CDL were synthesized following the similar procedure 
as Ph--CDS.  
(6A--mercapto-ethylureado-6A-deoxy)heptakis(2,3-di-O-(p-methoxyphenyl) 
carbamoyl)-6B, 6C, 6D, 6E, 6F, 6G-hexa-O-(p-methoxyphenyl)carbamoyl--cyclodextrin 
(MP--CDS), Yield 31%: IR (cm-1) 3404, 3309 (N-H str), 3064 (C-H str), 1711 (C=O 
str), 1600, 1540, 1494 (C=C arom ring str), 1250 cm-1 (=C-O-C stretching, str), 1053 
(sym C-O-C), 1030 cm-1 (=C-O-C stretching); 13C-NMR (DMSO)  (ppm) 155.23 
(
CH3CO ), 153.62 (Ar-NH-CO-), 153.33(-HN-CO-NH-), 133.92, 132.40, 123.48, 
119.69, 118.94 (H-bearing aromatic carbon atoms), 128.72, 128.41 (quaternary 
aromatic carbon atoms), 98.73 (C-1), 78.60 (C-4), 73.46 (C-2), 71.63 (C-3), 60.30 
(C-6a), 55.57(CH3O), 20.89 (-CH2-SH); MALDI-TOF-MS m/z calcd 4217.2, found 
4217.5; Elemental analysis calcd: C, 58.33%, H, 5.12%, N, 7.30%, S, 0.76%. Found: C, 
59.05%, H, 5.36%, N, 7.12%, S, 0.61%. 
(6A--mercapto-undecanylureado-6A-deoxy)heptakis(2,3-di-O-(p-methoxyphe
nyl)carbamoyl)-6B, 6C, 6D, 6E, 6F, 6G-hexa-O-(p-methoxyphenyl)carbamoyl-- 
cyclodextrin (MP--CDL), Yield 35%: IR (cm-1) 3397, 3314 (N-H str), 3060, 2926 
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(C-H str), 1738 (C=O str), 1602, 1543, 1446 (C=C arom ring str), 1252 cm-1 (=C-O-C 
stretching, str), 1056 (sym C-O-C), 1031 cm-1 (=C-O-C stretching); 13C-NMR (DMSO) 
 (ppm) 155.20 ( CH3CO ), 153.76 (Ar-NH-CO-), 150.21(-HN-CO-NH-), 133.57, 
132.30, 123.49, 119.73, 118.91 (H-bearing aromatic carbon atoms), 128.82, 128.70, 
128.42 (quaternary aromatic carbon atoms), 98.85 (C-1), 78.63 (C-4), 73.30 (C-2), 
71.58 (C-3), 70.54(C-6b), 61.63 (C-5), 60.41 (C-6a), 55.29 (CH3O), 33.57 (-NHCH2-), 
30.55-24.58 (-(CH2)9-), 20.79 (-CH2-SH); MALDI-TOF-MS m/z calcd 4343.4, found 
4343.0; Elemental analysis calcd: C, 59.13%, H, 5.38%, N, 7.09%, S 0.74%. Found: C, 
58.95%, H, 5.63%, N, 7.15%, S, 0.65%. 
5.2.2.6  Mercaptyl per(p-chlorophenyl)carbamoyl--CDs  
All CP--CD analogs were synthesized following a procedure similar to that 
of MP--CD described above. Since the structure is the same expect for the 
(p-chlorophenyl) carbamoyl groups, only the characterization data of the CP--CD 
moiety will be shown below. 
 
(6A-azido-6A-deoxy)heptakis(2,3-di-O-(p-chlorophenyl)carbamoyl)-6B, 6C, 6D, 
6E, 6F, 6G-hexa-O-(p-chlorophenyl)carbamoyl--cyclodextrin (CP--CD), pale yellow 
crystal, Yield, 75%: IR (cm-1) 3406, 3310 (N-H str), 3065，2960 (C-H str), 2107 (N3, 
str), 1720 (C=O str), 1601, 1550, 1486 (C=C arom ring str), 1257 cm-1 (=C-O-C 
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stretching, str), 1060 (sym C-O-C), 1020 cm-1 (=C-O-C stretching); 13C-NMR (DMSO) 
 (ppm) 153.29 (Ar-NH-CO-), 132.36 ( ), 129.16, 129.00, 126.67, 126.12 
(H-bearing aromatic carbon atoms), 136.10, 136.39 (quaternary aromatic carbon 
atoms), 98.86 (C-1), 78.25 (C-4), 73.69 (C-2), 71.73 (C-3), 63.36 (C-6a); 
MALDI-TOF-MS m/z calcd 4231.4, found 4231.4; Elemental analysis calcd: C, 
51.66%, H, 3.55%, N, 7.61%, Cl, 16.76%. Found: C, 52.17%, H, 3.96%, N, 7.22%, Cl, 
15.99%. 
5.2.2.7  Mercaptyl per(p-bromophenyl)carbamoyl--CDs  
All BP--CD analogs were synthesized following a procedure similar to that 
of MP--CD described above. 
 
(6A-azido-6A-deoxy)heptakis(2,3-di-O-(p-bromophenyl)carbamoyl)-6B, 6C, 6D, 
6E, 6F, 6G-hexa-O-(p-bromophenyl)carbamoyl--cyclodextrin (BP--CD), light 
yellow crystal, Yield, 79%: IR (cm-1) 3398, 3309 (N-H str), 3067, 2951 (C-H str), 2106 
(N3, str), 1736 (C=O str), 1596, 1562, 1492 (C=C arom ring str), 1219 cm-1 (=C-O-C 
stretching, str), 1076 (sym C-O-C), 1040 cm-1 (=C-O-C stretching); 13C-NMR (DMSO) 
 (ppm) 153.34, 152.76 (Ar-NH-CO-), 120.59 ( ),131.87, 131.31, 121.45, 
121.04 (H-bearing aromatic carbon atoms), 139.36, 138.66 (quaternary aromatic 
carbon atoms), 98.37 (C-1), 79.54 (C-4), 73.99 (C-2), 71.55 (C-3), 60.39 (C-6a); 
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MALDI-TOF-MS m/z calcd 5120.4, found 5137.6 ([M+H2O]+); Elemental analysis 
calcd: C, 42.69%, H, 2.93%, N, 6.29%, Br, 31.21%. Found: C, 44.07%, H, 3.26%, N, 
6.03%, Br. 30.43%. 
5.2.2.8  Mercaptyl per(p-(iodo)phenyl)carbamoyl--CDs  
All IP--CD analogs were synthesized following a procedure similar to that of 
MP--CD described above. 
 
(6A-azido-6A-deoxy)heptakis(2,3-di-O-(p-iodophenyl)carbamoyl)-6B, 6C, 6D, 6E, 
6F, 6G-hexa-O-(p-iodophenyl)carbamoyl--cyclodextrin (IP--CD), yellow crystal, 
Yield, 73%: IR (cm-1) 3385, 3302 (N-H str), 3072, 2958 (C-H str), 2106 (N3, str), 1738 
(C=O str), 1592, 1558, 1492 (C=C arom ring str), 1223 cm-1 (=C-O-C stretching, str), 
1085 (sym C-O-C), 1051 cm-1 (=C-O-C stretching); 13C-NMR (DMSO)  (ppm) 
153.79 (Ar-NH-CO-), 137.66, 137.29, 121.10, 120.88, 119.05 (H-bearing aromatic 
carbon atoms), 136.92, 136.57 (quaternary aromatic carbon atoms), 98.29 (C-1), 86.9 
( CI ), 78.66 (C-4), 73.01 (C-2), 71.23 (C-3), 60.39 (C-6a); MALDI-TOF-MS 
m/z calcd 6060.5, found 6083.1 ([M+Na]+); Elemental analysis calcd: C, 36.07%, H, 
2.49%, N, 5.32%, I, 41.88%. Found: C, 38.15%, H, 3.29%, N, 5.42%, I, 39.89%. 
5.2.2.9 Mercaptyl per(p-(methylthio)phenyl)carbamoyl--CDs  
All MtP--CD analogs were synthesized following a procedure similar to that 
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of MP--CD described above.  
 
(6A-azido-6A-deoxy)heptakis(2,3-di-O-(p-methylthiophenyl)carbamoyl)-6B, 6C, 
6D, 6E, 6F, 6G-hexa-O-(p-methylthiophenyl)carbamoyl--cyclodextrin (MtP--CD), 
dark yellow crystal, Yield, 79%: IR (cm-1) 3390, 3298 (N-H str), 3049, 2920 (C-H str), 
2102 (N3, str), 1736 (C=O str), 1597, 1527, 1493 (C=C arom ring str), 1225 cm-1 
(=C-O-C stretching, str), 1097 (sym C-O-C), 1049 cm-1 (=C-O-C stretching); 13C-NMR 
(DMSO)  (ppm) 153.46, 152.75 (Ar-NH-CO-), 136.87( ),131.74, 131.27, 
120.09, 119.37 (H-bearing aromatic carbon atoms), 128.19, 127.79, 126.21 (quaternary 
aromatic carbon atoms), 98.66 (C-1), 78.69 (C-4), 73.38 (C-2), 71.13 (C-3), 60.39 
(C-6a), 16.06(CH3S); MALDI-TOF-MS m/z calcd 4464.4, found 4483.2 
([M+H+H2O]+); Elemental analysis calcd: C, 54.35%, H, 4.72%, N, 7.22%, S, 14.37%. 
Found: C, 56.15%, H, 5.27%, N, 6.82%, S, 12.65%. 
5.2.2.10  Mercaptyl per(3, 4-(methylenedioxy)phenyl)carbamoyl--CDs  
All MdP--CD analogs were synthesized following a procedure similar to that 




-6B, 6C, 6D, 6E, 6F, 6G-hexa-O-(3,4-methylenedioxyphenyl)carbamoyl--cyclodextrin 
(MdP--CD), brown crystal, Yield, 69%: IR (cm-1) 3382, 3294(N-H str), 3081, 2897 
(C-H str), 2106 (N3, str), 1735 (C=O str), 1620, 1556, 1504 (C=C arom ring str), 1241 
cm-1 (=C-O-C stretching, str), 1105 (sym C-O-C), 1037 cm-1 (=C-O-C stretching); 
13C-NMR (DMSO)  (ppm) 153.70, 153.55 (Ar-NH-CO-), 147.57, 142.83 
( ),113.12, 112.68, 108.26, 107.62 (H-bearing aromatic carbon atoms), 
131.90, 129.20 (quaternary aromatic carbon atoms), 101.18 ( ), 96.55 (C-1), 
79.53 (C-4), 70.15 (C-2), 67.78 (C-3), 60.01 (C-6a); MALDI-TOF-MS m/z calcd 
4442.8, found 4443.8 ([M+H]+); Elemental analysis calcd: C, 54.61%, H, 4.29%, N, 
7.25%,. Found: C, 57.15%, H, 5.27%, N, 6.92%. 
5.3  Fabrication of chiral sensors with QCM 
5.3.1  QCM 
The QCM crystals employed (Figure 5.1) were 10 MHz (a) and 5 MHz (b) 
AT-cut standard quartz plate coated with vacuum-evaporated polycrystalline gold 
electrode, mainly Au(111)， operating in thickness shear mode, purchased from 
International Crystal Manufacturer, Inc. Oklahoma City, OK and KSV Instruments Ltd., 
Helsinki, Finland, respectively. Their piezoelectrically active areas were 0.200 and 
0.782 cm2, respectively. 
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Figure 5.1 The electrode/quartz crystal of 10 (left) and 5 (right) MHz 
5.3.2  Preparation of monolayer solution 
Before the deposition of self-assembled monolayers onto the gold electrodes, 
mercaptyl functionalized -CDs were dissolved in the appropriate solvent or solvent 
pairs to ensure the complete dissolution of the respective compounds. All the sample 
solutions were fixed at the concentration of 10-3 M. The detail information of all analyte 











Table 5.1 Parameters of analyte solutions 
Analyte Mass (mg) 
Solvent (pair) 
(ml) Analyte Mass (mg) 
Solvent (pair) 
(ml) 
MP--CDS 42.17 ethanol     6 
acetone     2 
chloroform  2
Ph--CDS 36.19 ethanol    8 
acetone    2MP--CDL 43.43 Ph--CDL 37.45 
CP--CDS 43.08 
ethanol     8 
acetone     2
MtP--CDS 45.42 ethanol    7 
acetone    2 
chloroform  1CP--CDL 44.34 MtP--CDL 46.68 
BP--CDS 51.98 ethanol     7 
acetone     2 
chloroform  1
MdP--CDS 45.20 ethanol    6 
acetone    2 
chloroform  2BP--CDL 53.24 MdP--CDL 46.46 
IP--CDS 61.38 ethanol     7 
acetone     2 
chloroform  1
   
IP--CDL 62.64 
5.3.3  Preparation of self-assembled monolayers 
Before monolayer deposition, quartz plates were cleaned with piranha solution 
(H2O2/conc. H2SO4 3:7 v/v) for 30 s (Caution: piranha solution is extremely corrosive 
and must be deal with much care. It is a strong oxidant and reacts violently with many 
organic materials. It also presents an explosion danger. All work should be performed 
under a fume hood. Wear proper protective equipment.). Mercaptyl functionalized 
-CD solutions (1 mM) were prepared, degassed and purged with N2. After rinsing and 
sonication with a large amount of Milli-Q water followed by absolute ethanol, the QCM 
crystals were immersed into the fresh -CD solutions for 24 h at room temperature. 
Subsequently, the gold substrates were taken out from the solution and sequentially 
rinsed with copious volume of pure ethanol, Milli-Q water and again with pure ethanol 
to remove any physically adsorbed molecules. Finally, the crystals were dried in a N2 
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stream until frequency remained constant. 
5.4  QCM measuring systems 
5.4.1  Gas phase detection  
5.4.1.1  Apparatus and measurement 
The QCM gas phase pulse-measuring system (Figure 5.2) was home-built with 
modifications of the design described in ref. [323] & [324].  It comprised a vaporization 
pad allowing micro scale enantiomeric samples to be evaporated, and a thermostated 
flow cell with the volume of 66.0 cm3 to house a QCM operating at 250.1 C. 
Pre-dried pure nitrogen was used as a carrier gas and controlled by an Alicat mass flow 




Figure 5.2 A schematic diagram of the gaseous phase pulse measuring set-up 
 
 
Figure 5.3 The apparatus setting of the gaseous phase pulse measuring system 








The 10 and 5 MHz, AT-cut standard QCM coated with Au was driven by a 
Lab Crystal Oscillator (International Crystal Manufacturer Inc., Oklahoma, OK) 
(Figure 5.4).  Mass changes associated with selective analyte binding to the 
functionalized -CD monolayers induced frequency shifts of QCMs. These frequency 
shifts were measured using a TF830 universal counter (Thurlby-Thandar Ltd., 
Cambridgeshire, UK). The operating temperature of the vaporizer (sample pad) was 
maintained at 40  0.1 C. Sample injection volume was 20.0 μl. The measuring cell 
was designed to ensure the temperature of the purging nitrogen gas remained at 25.0  
0.1 C at the QCM surface. The QCM frequency change was recorded every second 
using a computer. For each pair of enantiomers, R and S forms were tested separately 
under the same conditions immediately following each other. Each measurement was 
repeated at least 5 times and the result was obtained from the mean value. 
 
Figure 5.4 The configuration for the quartz crystal microbalance (5 MHz）in gas phase 
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5.4.1.2  Selected enantiomers 
Table 5.2 The structures of enantiomeric analytes for QCM measurements in 
gaseous phase 
Chemical MW bp (°C) Configuration Structure 
(+)-Methyl 
D-lactate 104.1 144-145 D/R(+)-d 
H3C OCH3
O
H OH  
(-)-Methyl 
L-lactate 104.1 144-145 L/S(-)-l 
H3C OCH3
O
H OH  
(+)-Ethyl 
D-lactate 118.13 150-153 D/R(+)-d 
H3C OCH2CH3
O
H OH  
(-)-Ethyl  
L-lactate 118.13 154 L/S(-)-l 
H3C OCH2CH3
O
H OH  
R(-)-2-Butanol 74.12 97-100 R(-)-l H3C
CH3
H OH  
S(+)-2-Butanol 74.12 99-100 S(+)-d H3C
CH3
H OH  
R(-)-2-Octanol 130.23 175 R(-)-l 
H3C(H2C)4H2C CH3
HO H
S(+)-2-Octanol 130.23 175 S(+)-d 
H3C(H2C)4H2C CH3
HO H












Table 5.2 summarizes the enantiomers which were selected for investigation of 
host-guest interactions at the surface of functional coatings in gaseous phase. All 
analytes were introduced into the vaporizing chamber by micro-syringes. The vapor 
concentration of analyte is proportional to the vapor pressure of corresponding chiral 
compound at 298 K.  It is noted that the b.p. of those analytes are different suggesting 
that the corresponding vapor concentrations of respective analytes may vary. However, 
these dissimilarities should not hinder the comparative study between QCM sensors 
performances towards two enantiomers due to the exact same chemical and physical 
properties except for their optical rotation of plane polarized light. 
5.4.1.3 Data processing 
In gaseous phase, the relationship between the vibration frequency of quartz 
crystal and the mass deposited onto or removed from a target surface can be expressed 









  (5-1) 
Where f is the change in fundamental frequency of the coated crystals in Hz; 0f is the 
fundamental frequency of the quartz crystal in Hz; m is the mass change of the 
crystals; A is the piezoelectrically active area in square centimeters; q is the density of 
quartz (2.648 g/cm3); q is the shear modulus of quartz (2.947× 1011 g/cm·s2).  
Equation 5-1 can be simplified for the case of AT-cut 10MHz quartz crystal as: 
8
12.26 10 
   m mf k
A A




For the 5 MHz quartz crystal: 
7
1
'5.65 10     m mf k
A A
    (5-3) 
Where 1
'k =-5.65×107 Hz·cm2/g. 
The effectiveness of the QCM sensor can be best described by the chiral discrimination 







   or / SS R R
f
f
         (5-4) 
Where Rf denotes the frequency shift of the sensor exposed to R-form enantiomer 
while Sf denotes that of S-form. This parameter is similar to the separation factor in 
GC and directly reflects the difference of binding affinity during host-guest interactions 
between two enantiomeric forms. 
The frequency shift (f), which represents the magnitude of host-guest 
complexation at the monolayer when exposure to gaseous analytes, and chiral 
discrimination factor () of a QCM are not to be normalized to the surface 
concentration of immobilized -CD molecules. It is due to the reason that both 
parameters are not only affected significantly by the surface concentration and the 
orientation of an immobilized monothiolated -CD monolayer, which are inherently 
controlled by the molecular structure of -CD host molecule and the length of linker 
molecule between the-CD torus and the thiol group beneath, but also influenced by 
the size of a gaseous analyte molecule. Consequently, it is difficult to acquire a unified 
effective surface concentration of the immobilized -CD monolayer. Therefore, all data 
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are employed as they were. 
 
5.4.2    Liquid phase detection 
5.4.2.1  Apparatus and measurement 
 
Figure 5.5 The apparatus setting of the liquid phase pumping measuring system 
1. measuring chamber; 2. main electronics unit (ME unit); 
3. temperature control unit (TC unit); 4. pump; 5. analyte bottle 6. PC 
The liquid phase pumping measuring system (QCM Z-500) with thermo 
controller was purchased from KSV Instruments Ltd., Helsinki, Finland with some 
modifications. These improvements allow the system to operate in static or dynamic 
mode. Sample liquids or solutions could be circulated at a certain flow rate under the 
control of a Jasco PU-1580 HPLC (Jasco, Japan) pump. Only the 5 MHz, AT-cut QCM 










Figure 5.6 The scheme view of the liquid phase pumping measuring system 
 
Figure 5.7 Chamber unit of the liquid phase pumping measuring system 
Analyte solution is driven by a HPLC pump with a defined flowing rate (e.g. 
0.200 ml/min). To ensure a target temperature (e.g. 25 C), the analyte passes through a 
thermostation loop which is monitored by a TC unit. When the analyte interacts with 
the crystal, the signals of frequency changes are detected by ME unit and recorded by 
computer every second. 
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5.4.2.2  Selected enantiomers 
Table 5.3 The structures of enantiomeric analytes for QCM measurements in 
liquid phase 
Chemical M.W. Configuration Water solubility* Structure 
D(-)-Mandelic acid 152.15 D/R(-)-l 
160 mg/ml (20 C 
in H2O) 
 
L(+)-Mandelic acid 152.15 L/S(+)-d 
(+)-Menthol 156.27 D(+)-d 
0.456 mg/ml (25 
















D-Leucine 131.17 D/R(-)-l 21.9 mg/ml (25 
C in H2O) L-Leucine 131.17 L/S(+)-d 
D-Histidine 155.15 D/R(+)-l 
45.5 mg/ml (25 














Enantiomeric pairs of mandelic acid, menthol and two amino acids were 
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selected for the liquid phase QCM performances. Their molecular structures are listed 
in Table 5.3. These enantiomeric analytes were prepared into ca 10-4 M solutions, 
respectively. For example, 6.6  0.1 mg L-leucine was accurately weighed, dissolved 
by Mili-Q water and transferred into 50 ml volumetric flask. Mili-Q water was added 
to the required amount. 10 ml L-leucine solution was transferred into a 100 ml 
volumetric flask, and Mili-Q water was added to make a 10-4 M L-leucine solution. 
5.4.2.3  Data processing 
Though the Sauerbrey equation is easy and reliable in gas-phase systems, it 
does not account for capacitive and colligative effects arising from the presence of 
solvent and the adlayer(s) or the coupling that can occur between an oscillating piezo 
crystal and a contacting liquid. Consequently, in many liquids the Sauerbrey equation 
does not provide an accurate calculation of mass changes. Kanazawa and Gordon[192] 
introduced a physical model treating the quartz as a totally lossless elastic solid and 
the liquid as a purely viscous medium. The change in frequency resulting from 






f f   
    
    (5-5) 
Where ∆f is measured frequency shift in Hz;  f0 is resonant frequency of the 
unloaded crystal in Hz; L is density of liquid in contact with the crystal; L is 
viscosity of liquid in contact with the crystal; q is density of quartz, 2.648 g/cm3; q 
is shear modulus of quartz, 2.947×1011 g/cm·s2. This equation has been shown to 
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evaluate the effects of bulk liquid changes in viscosity and density very well. This 
equation is therefore employed in our liquid phase chiral discrimination study. 
However, in this project, our primary focus is to observe the host-guest 
interactions at the -CD monolayers in aqueous solution, and the difference in the 
interactions between different analytes at the same -CD SAM, or the same analyte at 
different SAMs. Hence, we just pay attention to our recorded QCM frequency data 
and do not attempt to extract the absolute mass adsorption information from it. 
Based on the Kanazawa and Gordon equation, Yang and Thompson conducted 
a study on the effects of exposing QCM electrodes to liquids using network analysis, 
which shows that the measured frequency shift (f) in liquid phase can be expressed 
as:[325, 326] 
m a xdf f f f f          (5-6) 
where fd is frequency change caused by viscous damping, fm is caused by adsorbed 
mass, fa is the surface stress, and fx is caused by energy dissipation through 
nonshear couplings to the surrounding medium. The influences of these frequency 
changes to f in liquid media should be seriously considered. Fortunately, these 
factors and possible errors are all treated by KSV QCM Impedance Analyzer software 
with running a background measurement before sample tests.   
The effectiveness of the QCM sensor in liquid phase is also described by the 




Chapter 6  
 
Conclusion and Recommendations for 
Future Work 
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6.1  Conclusion  
The main aim of this research was to design and synthesize new 
perfunctionalized -CDs and to fabricate and evaluate the performance of QCM chiral 
sensors incorporated with these -CD SAMs in the gas and liquid phase, respectively. 
The mechanisms of chiral discrimination in the gas and liquid phase were 
investigated. 
6.1.1  Synthesis of new perfunctionalized -cyclodextrins 
Seven pairs of mercaptyl-perfunctionalized -CDs have been successfully 
synthesized coded as Ph--CDX (X = S & L), MP--CDX, CP--CDX, BP--CDX, 
IP--CDX, MtP--CDX, MdP--CDX.  
6.1.2  Characterizations of SAMs 
The new perfunctionalized -CDs have been immobilized onto gold surface of 
QCM crystals employing self-assembled technique. The monolayer structures have 
been characterized by surface-sensitive techniques including XPS, in-situ QCM 
measurement, spectroscopic ellipsometry, and atomic force microscopy.  
i)   Good reproducibility of SAM fabrication have been achieved by our 
self-assembly techniques.  
ii)   All L-type SAMs are thicker and possess higher surface concentration than 
their S-type counterparts. This suggests that S-type SAMs have a monolayer 
structure while L-type counterparts are arranged in a quasi-two-layer. 
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iii)   The surface concentration of the mercaptyl functionalized -cyclodextrin 
follows the order, Me>Pe>By>Ph>CP>BP>IP>MP>MtP>MdP, which 
reflects the bulkiness of the group and the effect of steric hindrance.  
6.1.3  Gas phase chiral discrimination 
Enhanced chiral discrimination in the gas phase has been achieved on 
most of the QCM sensors in comparison with the reported GC separation results. 
Among the candidates, MP--CD arrays performs the best. The chiral 
discrimination ability of all QCM sensors is summarized in Table 6.1. 
Table 6.1 The chiral discrimination ability* of QCM sensors with different 
functional groups towards three pairs of enantiomers in the gas phase at 
25 C 
Sensor Methyl lactate Ethyl lactate 2-Octanol 
Ph--CDS G G G 
Ph--CDL G G G 
MP--CDS VG G G 
MP--CDL VG VG VG 
CP--CDS VG G G 
CP--CDL VG VG VG 
BP--CDS G G P 
BP--CDL VG G G 
IP--CDS G P P 
IP--CDL G G G 
MtP--CDS P P P 
MtP--CDL G P P 
MdP--CDS VG G G 
MdP--CDL VG VG VG 
*Chiral discrimination ability is classified into three categories:  R/S ≥ 1.20, very good (VG); 1.20 > R/S ≥ 1.10, 
good (G); 1.10 > R/S > 1.00, poor (P). 
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Based on the results above, we have been able to study the host-guest 
interactions in the gas phase and the main findings are highlighted as follows. 
i)   Generally, L-type sensors are found to exhibit better chiral discrimination 
ability than their S-type counterparts.  
ii)   Only effective cooperative weak interactions, which depend on the molecular 
structures of the -CDs and analytes (lock and key principle and extensive 
three-point rule), are responsible for improved chiral discrimination.  
iii)   There is at least a partially compensatory relationship of enantioselective 
enthalpy and entropy. However, the deviation from ideal Enthalpy-entropy 
compensation (EEC) seems to be amplified when improved chiral 
discrimination is achieved. 
iv)   This study offers a robust strategy to engineer a series of new chiral sensors 
applicable for real-time recognition and analysis of alcohols and lactates in the 
gas phase. 
In addition, the excellent long-term stability of the chiral coating against 
environment has been validated. The ability to determine the composition of the 
enantiomers in a mixture has also been demonstrated by the limonene/MP--CDS 
system.  
6.1.4  Aqueous phase chiral discrimination 
The fourteen QCM sensors showed chiral discrimination towards four pairs of 
enantiomeric analytes in liquid phase under a new dynamic environment. This 
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dynamic mode, which is similar to the operation environment found in HPLC, not only 
can achieve the same level of chiral discrimination as found in the static mode 
designed previously by our group, but also offers the advantage of simpler 
experimental procedure and shorter analysis time. The main findings are the follows. 
i)   L-type sensors exhibit larger frequency shifts than their S-type counterparts.  
However, S-type sensors display better chiral discriminating ability than their 
L-type counterparts. Among the candidates, MP--CD arrays performs the best.  
The chiral discrimination ability of all QCM sensors is summarized in Table 
6.2.  
ii)   Generally, the chiral discrimination depends on the shape and size of the host 
and guest molecules and the ability to form hydrogen bonds, - stacking and 
hydrophobic interactions. The recognition process is probably subject to 
interplay of various factors mentioned above and a favorable conformational 
rearrangement leading to the most thermodynamically stable complex. 
iii)   Stability of the monolayers on QCM in liquid media is still a challenge.  
iv)   This study provides a strategy to fabricate a series of new chiral sensors 
applicable for real-time recognition and analysis of amino acids and organic 






Table 6.2 The chiral discrimination ability* of QCM sensors with 
different functional groups in liquid phase at 25 C 
Monolayer Histidine Leucine Mandelic acid Menthol 
Ph--CDS VG VG VG ND 
Ph--CDL G VG VG ND 
MP--CDS VG VG VG G 
MP--CDL VG VG VG P 
CP--CDS VG VG VG ND 
CP--CDL G VG VG ND 
BP--CDS G VG VG ND 
BP--CDL G VG VG ND 
IP--CDS G G G ND 
IP--CDL P G G ND 
MtP--CDS P G G ND 
MtP--CDL P G G ND 
MdP--CDS G VG G ND 
MdP--CDL G G G ND 
*Chiral discrimination ability is classified into four categories:  R/S ≥ 1.20, very good (VG); 1.20 > R/S ≥ 1.10, 
good (G); 1.10 > R/S > 1.00, poor (P); R/S=1, no chiral discrimination (ND). 
6.2   Recommendations for future work 
6.2.1  Gas phase chiral discrimination 
In this project, we mainly focused on studying the analytes which were 
relatively small molecules of only one chiral center. In order to understand the 
mechanism of chiral discrimination more clearly and integrally, it would be necessary 
to conduct more investigation on analytes with bigger molecular size and more than 
one chiral center. 
As discussed in Chapter 5, the comparison of the response (e.g. frequency shift) 
of the QCM sensor between different families of analytes was prohibited due to the 
difference in their respective vapor concentration. A new gas phase measuring system 
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which incorporates a gas electronic controller which can measure the vapor 
concentration instead of the current mass-flow meter would be required to control the 
analyte vapor concentration. This will enable performance to be evaluated on an equal 
basis between families of analytes and to provide a better understanding of the 
mechanisms of chiral discrimination on the -CD monolayers. 
6.2.2  Liquid phase chiral discrimination and HPLC 
One of merits of liquid phase chiral discrimination is to simulate the chiral se-
paration operations found in HPLC. As reported by Toyo'oka[204], it is highly possible 
to use the QCM method as a rapid and convenient screening technique for the appro-
priate stationary phase in the separation of enantiomers. QCM study and HPLC inves-
tigation with same -CD derivatives should therefore be carried out and compared 
with an aim to establish a reliable protocol for predicting not only the possibility and 
efficiency for chiral separation but also the elution order from the chiral column. In 
comparison with the optimization of the HPLC conditions using a chiral column, the 
QCM technique does not require the use of chiral columns packed with -CD deriva-
tives which translates to savings in time and cost. 
6.2.3  Functionalized -CD derivatives with multiple thiol linkers  
We have concentrated only on -CD with single thiol linker. To improve the 
endurance of -CD derivatives monolayers against the aqueous media under the 
dynamic environment, one of the potential solutions is to immobilize functionalized 
-CD derivatives with multiple thiol linkers onto the gold surface.  
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Scheme 6.1 A feasible synthetic pathway for functionalized -CD derivatives with 
multiple thiol linkers 
Scheme 6.1 shows one of the feasible routes for the synthesis of hepta-thiolated 
-CD derivatives.[327-329] Figure 6.1 displays the models of the β-CD monolayers with 
single and multiple thiol linkers.  
 
Figure 6.1 Models for the structure of the chemisorbed -CD monolayers 
a. single thiol linker; b. multiple thiol linkers 
It is likely that the above hepta-thiolated -CD monolayers would have 
excellent stability in aqueous media, more ordered arrangement and a more rigid 
monolayer structure. A comparative study between single and multiple thiol linkers of 
functionalized -CD monolayers will enhance the understanding of the influence of 
the monolayer structure over the chiral discrimination. 
6.2.4  Molecular modeling 
As demonstrated in some previous studies[181-184], the Molecular Modeling 
(MM)  has been successfully implemented in investigating the enantioselective 
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binding of chiral compounds to -CD CSP in the gas phase (GC-CSP). Several 
molecular modeling methods, especially molecular dynamics (MD) calculations, can 
help to reveal conformations of inclusion complexes involving complexation 
geometry and interaction energy, or even to predict intermolecular binding scenarios 
between host and guest molecules.[315, 330] Unlike GC-CSP, the QCM sensors 
deposited with CD monolayers do not have the interference from the support and 
minimize the non-specific bindings with chiral analytes, hence the binding affinity of 
the monolayers reflects the interactions between -CD host molecule and the analyte. 
Therefore, the MM, which simulates the process of host-guest interactions based on 
the results of chiral discrimination on SAMs of functionalized -CDs, would be more 
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